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SYNOPSIS 

A range of notched, sintered maraging and diluted maraging 

steel compacts have been fatigue tested in three point bending with 

two levels of notch root radii. The number of cycles to produce a 

detectable fatigue crack correlated well with an empirical parameter 

of the form ( AK/ pos), thereby minimising the banding effect, 

possibly characteristic in these sintered steels. Decreased fatigue 

resistance have been observed with increased sintered density above a 

eritical porosity level. Comparatively higher crack growth rate have 

been found in the highly diluted maraging steel compacts due to the 

presence of soft ferrite in the matrix, which largely superceded the 

crack blunting effect due to porosities. The micromechanism of 

fracture was of ductile dimple type in every case. 

In the sintered materials tested so far, including some 

sintered specimens of the Ancoloy SA Chee) variety, the increase 

in toughness value with the increased yield stress seemed to be the 

basic trend - a trend which would carry them into competition with 

the high-strength wrought steels.



I certify that to the best of my knowledge, no part 

of the work described in this thesis was done in collaboration 

unless specifically mentioned, and that the work has not been 

submitted for any other award. 

D.C. Ghosh, 

Dec., 1976.
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1. INPRODUCTION 

The most common cause of failure in modern machineries and 

components is due to fatigue, and disasters have been reported to 

result from a failure to anticipate its occurrence. A component whose 

service conditions are known, may be designed to have either a finite 

or an infinite fatigue life, depending on the economics of operating 

high strength-to-weight structures or using too great a mass of 

material at a low level of stress. A nuwnber of contemporary structures 

require, however, the utmost in materials utilisation, in terms of 

stiffness-to-weight or strength-to-weight ratios, and these require- 

nents have led to several imaginative innovations in materials engineering. 

One of these imovations has been the development of composite 

materials, such as the diffusion-hardened metals and pre-alloyed 

sintered compacts, which are introducing or about to introduce new and 

interesting combinations of mechanical properties. 

In another direction, the techniques of fracture safe design has 

evolved around the discipline of linear Elastic Fracture Mechanics 

(L.8.F.M). This approach introduced the concept that the relevant 

property of a material is the force required to extend a crack through 

a structural member, and this crack extension force parameter can be 

used to rank materials in some order of fracture resistance. 

Linear Fracture design approaches a structural problem in a 

pragmatic fashion, attempting to answer the following questions: 

For a given design stress, what is the largest crack which can be 

tolerated without failure (or vice-versa)? The fantasies of perfect 

materials and infallible fabrication are swept away, and the designer 

considers, instead, the resolving power of the best inspection he is 

willing to provide for a particular application, and this is true for 

statically loaded as well as cyclically loaded structures.



There is a profusion of data on fatigue behaviour of homogeneous 

continuum metals and alloys, and these data are more or less readily 

amenable to be processed and analysed by applying the concept of 

L.E.F.M. However, despite the rapidly increasing application of 

sintered metal parts over the past thirty-five years, little attention 

has been paid to their toughness and fatigue behaviour, Sintered 

materials are, by definition and nature, heterogeneous materials. 

So, a persistent question is concerned with the applicability of the 

concepts and results developed for Home neoe material models to 

heterogeneous materials, <A partial answer to this question has been 

provided by previous experience of the present euthor et al,,¢1) with 

Fe ~ C, Fe - Cu and Fe ~ C~ Cu compacts. One should also bear in mind 

that the early use and much recent use of sintered parts has been in 

situations in which the parts have been subjected to little or no 

mechanical stress. However, during the past several years sintered 

alloys have been developed which are now chosen for applications 

involving stressing. In fact, sintered components are giving satis- 

factory service under conditions of repeated stressing as bearings, 

synchroniser bubs and baulk rings in motor-car gear boxes, connecting 

rods, gears in hydraulic pumps, valve rocker brackets in internal 

combustion engines, sliding clutches in bicycle three-speed hub gears, 

(2), sewing machine components etce 

The distinguishing feature of the majority of sintered materials 

is their porosity, and it is this that exercises the primary influence 

on fatigue. Some engineers believe that the inherent porosity of 

sintered materials produces a multitude of stress raisers, but accord- 

ing to namage OD, this is probably influential only at very high stress 

level, providing the pores are small, Such small porosity is relatively 

easy to produce in a 90/5 - dense sintered part, and its uniformity



and consistency can be very hich in comparison to castings, forgings, 

and even wrousht metal. In practice, castings have always been plagued 

with surface and sub-surface porosity due to gas effects, and erratic 

molten metal-flow. Forgings and wrought metals have inclusions, and 

porosity which often appear at the surface and can be concentrated in 

some areas to make the condition worse. Forgings also have oxides in 

the surface caused by the hammering of oxidised billets. 

In fatigue, it is recognised that one of the most influential 

factors is the quality of the surface finish. Sintered steel is 

  

excellent in this regard. The ease with which a very high quality of 

finish can be produced is well- known, particularly with parts that are 

és dense as 90%, This ability, it is believed, can produce a better 

fatigue-life picture than that now found in production of parts made 

of conventional material. 

If a higher order of fatigue strength is desired, there is avail~ 

able a rather simple and comparatively inexpensive patented method of 

(3), improving it considerably This involves the shot peening of a 

porous sintered surface to close the pores and then re-sintering to 

(4), bond the closure surface This has proved very successful in the 

production of some sintered parts, e.g. roller chain bushings used in 

Care 

Another factor that is important in this comparison with conven- 

tional materials, is the fact that a normal sintered-metal part has 

none of the disparities found in castings due to liquid-metal flow or 

differences in rates of freezing. Also, it has the same properties in 

the transverse as in the longitudinal direction. This is a major 

strength reducer in forgings where the transverse properties can be 

50% lower. Moreover, mass production of simple sintered components 

to close tolerances at competitive cost is already a reality in 

automotive industry.



Maraging steels made a commanding appearance in the metallurgical 

scene in the early sixties as one of those super-alloys, with the 

interesting combination of high strength and toughness values(215210-16) | 

In subsequent years, an abundance of data have been extracted on their 

crack propagation characteristics and fracture toughness, weldability 

Bian 1s 18) | and as a consequence, these steels have already 

found applications in aircraft landing gears, aircraft arrester hooks, 

space vehicle cases, gimbal bearings, hydrofoil struts, torque trans- 

mission shafts, bolts, dies for cold forging, entrusion press rams, 

ete, (t9), However, as stated before, there is a general lack of data 

on fatigue behaviour of sintered materials, and sintered maraging 

steels are no exceptions 

In the present study, the fracture toughness and fatigue behaviour 

of a representative maraging steel produced from pre-alloyed powders, 

have been investigated. Properties of sintered maraging steel compacts 

made from elemental powders have been found by Snape and Vel try (124) 

to be inferior to those made from pre-alloyed powders. Based on the 

(13) experiences of Fischer and Yates and Hamaker'21), @ composition of 

0.03 © max. 17250 to 18.50 Ni, 7 to 8 Co, 4.5 to 5.5 Mo, 0.4 to 0.6 Ti, 

0.01 P max, 0.10 Si max, 0.1 Mn max, 0.01 S max, 0.10 Al, 0.01 Zr and 

0.005 B had been selected and subsequently diluted with 25% and 50% 

iron powder, grade ASC.100.29 (Hoganas), to yield two more varieties 

of sintered powder compacts, Besides these, another variety of powder 

compact made from pre-alloyed powders with the patent name of Ancoloy 

SA (Hoganas) and containing 1.50 Cu, 0.50 Mo, 1.75 Ni, 0.01 C, 0.16 

Si055 95.98 Fe, had been tested after sintering and heat treatment. 

A low titanium variety of maraging steel compacts had also been tested 

for toughness, crack initiation and propagation studies.



The present investigation is primarily aimed at assessing tough- 

ness, crack initiation and propagation characteristics of the range 

of sintered materials mentioned earlier, using the concept of Fracture 

Mechanics. 

Often engineers and designers are reluctant to use sintered 

materials despite their advantages in certain situations. Therefore 

it seems highly desirable that their attention should be drawn to the 

potential of sintered materials and that data about their properties 

and behaviour, including fatigue, should be available to them. Only 

when they become aware of the potential will sintered materials be 

exploited most effectively and be presented as viable materials to 

compete with high strength steels and other materials.



26 LITERATURE REVIEWS 

In order to limit this review to sensible proportions, only 

the literature directly relevant to the present study has been included, 

and only interesting aspects on some related topics has been touched 

  

upone 

Be LITERATURE REVIEW PART I (a) - MARAGING STEEL 

JZele introduction 

Because of the high strerete and toughness combinations 

achievable in the maraging steels by age - hardening of their iron- 

nickel martensitic microstructures, these materials have come under 

intensive study in recent years, specially by aerospace designers and 

(20) hits datnentinuieriyeiueto® the missile system engineers 

important iron-based 18% Ni, Co and Mo alloys, additionally hardened 

with Ti and Al, But, in spite of the rapidly increasing volume of 

data on these alloys, there is still no satisfactory understanding of 

the basic physical metallurgy of these complex precipitation - 

hardened martensitic alloys. Indeed the basic hardening mechanisms 

involved are still open to much question. For example, though 

synergistic effects of Co-Mo interactions have been suggested by 

(a1) | no clearly defined mechanism for this has yet been 

(20) 
Decker et al, 

demonstrated 

342 Some basic characteristics 

Several basic characteristics of maraging steels are directly 

related to the characteristics of the iron-rich end of the iron-nickel 

phase diagram. Actually two diagrams must be considered, The first



is the equilibrium diagram, Fig. 1, as given by Qwen and nin(22), The 

essential point to be noted is that at lower temperatures, the 

equilibrium phases for alloys containing 3-30% Ni are ferrite and 

austenitee 

The austenite-martensite transformation characteristics in iron- 

(23524) alae 

(23) | 
nickel alloy have been studied by several investigators 

shown in the metastable equilibrium diagram of Jones and Pumphrey 

Fig. 2. In practice, if an alloy containing, say, 18% Ni is cooled, 

from the austenite field, the austenite will not decompose into the 

equilibrium austenite and ferrite compositions, even if held for very 

long times in the two-phase regione Instead, with further cooling, 

the austenite transforms to martensite that has a b.c.c. crystal 

structure. 

If the martensite is reheated, one of two things may happen. 

If the alloy is brought to a temperature below the A, temperature (i.e. 

the start of the a--y transformation shown in Fig.2), the martensite 

will decompose into the equilibrium austenite and ferrite compositions 

ise. the martensite reverts to the equilibrium structures given by 

Fig. 1. The rate of this reversion reaction depends upon the 

temperature, and fortunately for maraging steels, the rate at temper- 

atures of the order of 485°C (900°) is slow enough for considerable 

precipitation hardening to be achieved before the reversion reaction 

predominates. 

If, on the other hand, the alloy is heated above. the A, 

temperature the martensite transforms by a shear reaction back to an 

austenite of the same composition. Fig. 2 indicates only that alloys 

containing up to 3376 Ni transform martensitically. 

The martensites at 18% Ni and above, form by diffusionless 

shear as in conventional steels, but the nature of transformation and



product contrast sharply with that of conventional carbon steels in 

thats 

(a) Section-size effects are small due to an insensitivity 

of the martensite reaction to cooling rate and the lack of higher 

temperature-diffusion controlled austenite decomposition to carbide 

phases. Thus rapid quenching is not required and hardenability is no 

problem. 

(b) The transformation can proceed both athermally and 

isothermally. 

(c) The martensite structure exhibits no tetragonality; 

but rather, is body-centred cubic. 

(a) Tempering does not occur upon reheating of the 

martensite, As in (c) and (d) above, this is due to absence of carbon. 

Finally, the hysteresis of the transformation seen in Fig. 2 allows 

considerable reheating of the martensite for ageing (in the presence 

of alloying additions) before reversion to austenite occurs. This 

step is designated as miataging lo) 

It is desired to further strengthen this iron-nickel 

martensite to a level of engineering interest, but with a minimun 

loss of toughness. In the 18% Ni maraging steel selected, the 

hardening is achieved mainly by Co, Mo and Ti. 

363 Main types of maraging steels 

Three main types of maraging steel currently exist and are 

specified by their nickel contents, These are the 20% and 25% Ni 

maraging steels, which still persist despite their inherently 

complicated treatments, and the 18% Ni variety. The 18% Ni maraging 

steel is the most popular and is subdivided according to the attainable 

yield strengths which vary due to slight differences in composition



and treatment. The three common grades are designated as 18 Ni (200) 

(250) and (300), the figures in brackets referring to the yield 

strengths in Ksi, A very comprehensive review of all these steels 

along with their physical and mechanical properties is given by 

(10), Decker et al The essential difference between the 18% Ni grades 

and the higher nickel types is the absence of Co and Mo in the latter 

and consequently these attain strengths only equivalent to those of 

the 18% Ni (25) grade. Detailed discussion of higher #Ni types of 

maraging steel is beyond the scope of this reviews 

Bod _ Heat Treatment and Properties 

Basically maraging steels require a solution treatment which 

serves to dissolve the precipitate phase elements into the matrix and 

to render the matrix martensitic on cooling. This is the most suitable 

conditions for working operations as it is relatively soft and ductile. 

To harden the steel, the precipitates must be formed by an ageing 

treatment i.e. by holding at an elevated temperature which is 

sufficient to accelerate the precipitation process without causing any 

reversion of the martensite back to austenite. 

The standard heat treatment of the 18% Ni maraging steel is 

annealing for an hour per inch of thickness at 615°C (1500°F) , followed 

by air cooling to room temperature, and then ageing at 485°C (905°F) 

for 3% hours. Higher annealing temperatures produce coarse grain sizes 

which reduce strength and ductility. That the choice of annealing 

temperature can markedly affect the final properties of the stee1 22) 

is illustrated in Fig. 3, which clearly shows the optimum annealing 

temperature to be 815°C. Based on this figure, an ageing temperature 

of 495°C. (905°F). has been selected not entirely for optimwa 

properties, but to approach such properties in a reasonable ageing time.



10 

It is also interesting to observe from the figure that the 

hardness rises rapidly e.g. from 400 to 450 D.P.N. within the first ten 

minutes of ageing at 485°C. Softening at this ageing temperature 

does not occur until over 200 hours. The softening has been shown to 

be due mainly to reversion to austenite rather than over ageing of 

this precipitate. Increasing the ageing temperature causes the peak 

hardness to occur at shorter times. 

Ageing between 470°C (80°F) aria 500°C (930°F) results in 

yield strengths of 1929 MN/n? (280 Ksi) to 1964 N/m? (285 Ksi) ana 

tensite strengths of 1998 MN/m? (290 Ksi) to 2033 W/m? (295 Ksi) 

combined with 12% elongation and 55% reduction in area, For such 

strength levels, this ductility is very high, Figo 4. 

The My and M, temperatures for the 18% Ni maraging steel 
£ 

are 160°C and 100°C respectively so that on air cooling to room 

temperature, the structure is fully martensitic. However, raising the 

percentage of Nickel lowers the My and causes austenite to be retained 

at room temperature. Ni lowers M, by 40°C for every additional 1%. 

3.5 The Structure of Marazing Steels 

3.5.1. The Matrix 
The matrix of maraging steel is ductile B.C.C. martensite 

formed by a diffusionless shear reaction. The phase diagram shows 

that the equilibrium phase of these iron-nickel alloys is either alpha 

or alpha + gamma. In practice, slow cooling results in the formation 

of martensites in all but those alloys containing less than 10% Ni 

which can form alpha and those alloys containing more than 337% which 

remain austenitic. The type of martensites formed in the 10-25% Ni 

(26) | alloys is termed "massive" The composition limits are not exact



i 

and vary not only with cooling rate, but also the annealing temperature 

and interstitial content (25), There is evidence that after ageing, 

a massive martensitic matrix gives better toughness than a twinned 

martensite encountered in maraging steels containing more than 25% Nie 

The structure of massive martensites consists of a series of elongated 

laths or platelets with wavy interfaces and containing a high density 

(26) of dislocations. According to Patterson and Wayman » the disloca- 

tions in structures of this kind tend to’lie in fi23] directionse 

The platelets lie in parallel groups separated from neighbouring 

groups by low angle boundaries, Typically, three such groups may lie 

within the boundary of an old austenite grain which will itself be a 

high angle boundary. The masses are made up of parallel shear plates 

and individual shear plates are not resolvable by etching. The 

martensite plate orientation relationships follow the Kurdjumov- 

Sachs rule i.e. 

(121) ne (012), 

[Fio}, uw [372], 

It can be seen that the coincidence of the slip planes and direction 

of the parent and product lattices allows simple slip to form one 

from the other without any twinning, somewhat similar to the reaction 

(27), which occur in very low carbon steels 

Jode2e Effects of Alloying Elements 

Many different substitutional alloying elements can produce 

age-hardening in Fe-Ni nartensites. The degree of hardening, however, 

may vary appreciably with changes in the Ni content or with variations 

in the ageing kinetics or the reversion reaction. In addition, there 

can be rather strong interactions between particular combinations of 

elements, such as that between Co and Mo. Qualitatively, though one
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can classify the alloying additions roughly as follows: elements 

that produce "strong" age hardening (Ti); "moderate" hardeners (Al, 

Mo, Mn, Si); and "weak" hardeners (Co, Zr). 

The higher strengths in the 18% Ni maraging steels are 

achieved mainly by increasing the Ti content. For each 0.1% Ti, the 

yield strength is increased by 68.9 MN/m? (10 Ksi). The NTS/TS ratio 

decreases in air melts containing more than 0.4% Ti, This drop-off is 

very sharp for maraging at 485°C (905°F)-dropping to a NTS/TS ratio 

of 1 at 0.6 to 0.7% Ti. A Ti content of 0.7% was found to be the upper 

(10) limit by Decker et al » to preserve the excellent air melting 

characteristics of these alloys, Fig. 5. Above this level, dross and 

films develop. 

Ti also causes segregation and the fact that Ti lowers the 

M, temp. by 40°C per 1% addition means that excessive amounts of Ti 

(28), may result in bands of retained austenite Ti also neutralises 

residual carbon and nitrogen by removing them from solution in the 

martensite. 

Mo is a less powerful hardener, increasing strength by only 

14 N/m? (~2Ksi) for 0.1% addition, Mo (up to 5.4%) in Fe-Ni alloys 

had been claimed to increase toughness by preventing segregation or 

precipitation at the grain boundaries thereby lowering the propensity 

(5), to failure through grain boundary cracking However, Banerjee and 

(20) Hauser dispute this claim. They did find grain boundary precipi- 

tation in Mo containing Fe-Ni alloys. In previous studies by Floreen 

(5) and Speich » these precipitates might have been missed because of 

etching specificity, Banerjee and Hauser, in their turn, however, 

could not put forward any alternative explanation for the toughening 

by Moe
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Perhaps the most interesting strengthening effect in 

maraging steels is that due to the combination of Co and Mo. Decker 

et al. (20) found that the hardening when these two elements were 

present together was much greater than the sum of the strength increments 

produced when they were added individually. Although this effect was 

not observed by Banerjee and Hauser (20) | the data of at least three 

(5, 29, 30) show this general trend. other investigators 

As pointed out before, moderat¢é age-hardening results from 

Mo additions. In fig.6 are shown the effects of Mo and Mo+7% Co on 

maraged hardness. A strong additional effect from the presence of Co 

can be seen. Fig.7 reveals the synergistic effect (defined as 'the 

co-operative action of discrete agencies such that the total effect 

is greater than the sum of the two effects taken independently' (20), 

of Co with Mo on maraging steel between 427°C (800°F) and 485°C (905°F). 

Maraged hardness increased linearly as the product, Co times Mo, 

increased between the limits of 1.7 Co., 1.8 Mo to 7 Co, 5.4 Mo. 

It is possible by increasing this product to obtain alloys that show 

only a change from Rockwell C~25, in the absence of both Co and Mo, 

to Rockwell C~-30 in the annealed martensitic condition, but then 

exhibit very strong maraging to give hardness above Rockwell C-50,. 

With this balance of strong maraging effect and weak solid 

solution hardening, a tough martensite matrix is maintained even with 

high strength. This appears to be the key to the remarkable toughmess 

of the Ni-Co-Mo steels. 

In the Mo-containing alloys, the strength increases by 517 

MN/m? (15 Ksi) by the Co addition, though Co itself supplies only a 

relatively small, roughly additive strengthening contribution, The 

addition of Co results in a finer dispersion of precipitates in the 

(6) Mo-bearing Fe-Ni alloys; since Co has not been found by Floreen
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to be present to any extent in the Mo precipitates, he considered that 

Co might have lowered the solubility of Mo in the matrix and this 

increased the amount of Mo precipitate. Miller and Mitener1 (3) also 

came to this conclusion. It is considered that a Mo-based precipitate 

is nucleated on dislocations within the martensite plates and that this 

precipitate will be most affected by Co addition. Co may also lower 

the solubility of Mo in the matrix so that an improved distribution of 

the precipitate and an increased volume fraction of the precipitate 

could be formed for a given Mo content. Strengthening due to Co 

addition increases in a continuous fashion and it is thought that 

hardening at the 187% Ni-8% Co level may be due to a low degree of long- 

range ordering, Co is also considered to lower the resistance of the 

matrix to the passage of dislocations and to lower the interaction 

(32), energy between dislocations and interstitial atoms According to 

(20) Banerjee and Hauser » the matrix strengthening by Co addition is 

@ue to lowering of stacking fault energy (SFE) of the matrix. The 

lowered SFE discourages cross slip and retards cell growth, Thus, 

the average dislocation density is increased, which provides more 

numerous nucleation sites for precipitation. The resulting increased 

barrier to dislocation movement causes the observed increased hardnesso 

In the 18% Ni maraging steels, Mn and Si should be kept 

below 0.1% and C should be 0.03% (maximum), otherwise ductility and 

notched tensite strength will be markedly reduced. 

As only a small amount of Mn is available for sulphide 

formation, a maximum $ content of 0.01% is specified. P content 

should also be kept below 0.01%. 

Because of the need for low Si and Mn contents to ensure 

adequate deoxidation and desulphurisation, Al and Ca are added, B and 

Zr additions are used to suppress harmful grain boundary precipitation, 

thereby improving toughness and stress corrosion (32),
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Bedede Physical Metallurgy and Hardening Mechanisms of Maraging 

Steel 

The primary attribute of maraging steels is their excellent 

combination of strength and toughness. This seems to be especially 

true of the 18% Ni grades, which in general have a toughness superior 

to that of the other grades at higher strength levels. 

In the case of strengthening mechanisms, the yield strengths 

of unaged maraging steels are typically ~700 MN/m?. After mzraging, 

the increase in yield strengths of the various 18% Ni steels range 

from 700 MN/m? to 1400 mN/m? The precipitation strengthening of this 

magnitude can be accounted for quite reasonably by an Orowan relation- 

ship, Cefo 

  

oe say 1D) 

where oO is the total strength, o, the matrix strength, a 

is a constant, G the shear modulus, b the Burgers vector, and A the 

interparticle spacing. After maraging, the values of A are of the 

order of 500-560 angstroms, and the corresponding strength increments 

are ~700-1400 MN/m? Thus an Orwan-type hardening involving disloca- 

tion motion between the precipitate particles can account for the 

strengths observed (33534), 

On the other hand, Detert(25s 36) has suggested that 

hardening could be controlled by the stress necessary to shear through 

the precipitate particles. Reisdorf and Baker (34) have observed 

however, that the structure of the 16% Ni (250) steel showed tangles 

of dislocation around the precipitate particles, and also instances 

of dislocations bowing between the particles.
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The reasons for the superior toughness of the 18% Ni maraging 

steels are not clear. It has often been noted that the elimination of 

C and other deleterious impurities should be beneficial. Also the 

relatively uniform precipitate distribution achieved by age-hardening 

in a massive martensite matrix would be helpful. 

The particular mechanism, which operates contributing to 

hardening, depends upon the nature, size and density of the precipi- 

tate distribution. Much work has been done towards identifying the 

composition and structure of these precipitates, Floreen (16) has 

reviewed the results of 22 efforts to analyse the precipitate phases 

which are by no means in agreement. A general trend, however, suggests 

that Mo precipitates out as Bi Mo under normal ageing conditions. 

This is a metastable phase, being replaced, on overageing, by Fe,Mo 

or a sigma phase. Ti generally appears to form Ni,Ti but this is 

generally difficult to identify in the presence of Ni,Mo, and so a 

(21), oo complex Ni, (Ho, may actually exist Other elements are found 

to be present in these precipitates but Co is the exception, appearing 

to remain entirely in solution. Most workers (591620, 34,37) 

consider Mo to be the primary hardening element and Ti as the 

secondary hardener. 

Much of the controversy arises out of the need to overage 

precipitates in order to extract them for analysis and the existence 

of Fe Mo and austenite in the matrix are undoubtedly due to this. 

Miller and Mitchell (31) quote Fe,}o in preference to Ni.Mo as the 

primary hardening precipitate. They consider that in maraging steels, 

in the overaged condition, the Fe,Mo precipitate is spheroidal, but 

in the fully aged condition, the precipitate is disk shaped, having 

a f.c.c. structure, This suggests that the hardening mechanism of
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Mo may be summarised as: 

Massive — aged —> disks overaged ——f> Spheroidal 
martensite f.c.c. precipitate 

zones Fe Mo 

By this mechanism, there is a gradual increase in the packing 

  

density of the atoms and by examination of interplanar spacing, it 

may be assumed that the {110} ferrite planes are parallel to the 

foo} planes of the f.c.c. zones which, in turn, are parallel to the 

{112} Fe Mo planes. Floreen‘?6) describes Ni,Mo as H.C.P. structured 

and rod or ribbon shaped which forms coherently and whose growth is 

limited in that form by increased coherency stresses and these may 

lead to the nucleation of the equilibrium precipitate. 

The addition of Ti to 18% Ni maraging steels results in the 

formation, in the overaged condition, of a lath-like Widmanstitten 

precipitate formed with its long axis parallel to the <111> direction 

of the matrix, and having the composition and structure of MijTie 

However, in the condition of maximum hardness, although a Widmanst'tten 

precipitate is present in thin foils as observed by Miller and Mitchell 

(31) and can be associated with streaking of the thin foil diffraction 

patterns, a fine spheroidal precipitate is also present in an amount 

much too plentiful to result from the viewing of laths end-on. 

Miller and Matcher 21) found faint spots in the {100} matrix 

reflection positions, but these cannot result from either streaking 

caused by the precipitate, or double diffraction, but are an indication 

of ordering. It seems probable that ordering may occur as a pre= 

precipitation reaction, involving the spheroidal zones. This ordering 

could possibly be based on the NiTi, By structure or more likely on a 

metastable Ni,Ti, DO; structure. Co, which also forms ordered b.c.ce 

compounds with Fe, could possibly stabilize formation of these ordered 

zones at peak hardness even though, in the final equilibriun precipitate,
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Co is not present in detectable amounts, Thus the hardening mechanism 

of Ti may be suggested as: 

1 ie 3 

Massive WW aged—p> Zones of order —f» Widmanst&tten 
martensite Nii (20;) precipitate 

Mi ,T (D0, 4) 

where peak hardness occurs between 2 and 3. 

Although ordering by Co addition would be a convenient 

explanation, and strength has been found to increase with Co content 

without its presence in the precipitate form, and even without Mo 

present in the alloy, the ordering theory has not been widely accepted 

and no evidence has been put forward to support it (26) | because in 

the ordered Fe-Ni~Co alloys, it is difficult to obtain direct structural 

evidence by X-Ray or electron diffraction techniques, Miller and 

Mitchell Ga) suggest that the peak hardness due to the Co-Mo inter- 

action would be reached slightly later than that due to the Ti precipi- 

tate. 

The ultra high strength with good ductility, which character- 

izes the 18/Ni maraging steel is probably due to the combination of 

the ferrite/austenite transformation with the conventional precipi- 

tation hardening mechanisms, Thus, a larger quantity of precipitate 

can be dissolved in the austenite at a fairly low solution temperature, 

a grain-refining process occuring at the same time as the solution of 

the precipitate and the massive martensite transformation which occurs 

during cooling results in a matrix with a high dislocation density 

ideal for precipitation hardening.
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4. LITERATURE REVIEW PART I (b) 

4.1 Ancoloy SA 
Ancoloy sal 31h) is an iron powder containing Cu, Ni and Moo 

Mixed with graphite, it is especially intended for parts to be heat 

treated. Affer hardening and tempering, a high ultimate tensile 

strength in combination with a certain ductility is achieved, The 

alloying elements facilitate the hardening, and very consistent 

hardness without any soft spots is achieved. 

Ancoloy SA is manufactured from sponge iron and the indivi- 

aval particles, therefore, have a spongy irregular shape contributing 

to a high green strength of the compacted component. The individual 

particles mainly consist of unaffected pure iron (ferrite) to which 

the finely divided alloying elements are diffusion bonded. Therefore, 

Ancoloy SA has a very high compressibility. The risk of segregation 

of the alloying elements in the mixture is eliminated. As the 

alloying elements are added in a very finely divided form, they 

diffuse rapidly into the iron particles during sintering. Thus, the 

additions are well utilized. The addition of Cu and Ni are so balanced 

that a very small dimensional change takes place during sintering and 

heat treatment. The Mo added raises the hardenability considerably, 

and consequently, the material becomes less sensitive to minor changes 

of hardening variables. All three of the alloying additives have less 

affinity to oxygen than iron. Therefore, when sintering ancoloy S.A. 

the same atmosphere can be used as for the sintering of normal iron 

powder with low H,-loss. If close tolerances with regard to the 
2 

amount of combined carbon in the sintered part are desired, the carbon 

potential of the sintering atmosphere has to be thoroughly controlled 

or closed sintering boxes should be used.
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De LITERATURE REVIEW PART IL - GENERAL PRINCIPLES OF SINTERING 

5el Introduction 

The term "sintering" is commonly used to refer to the 

annealing treatment by which powders are consolidated into coherent 

and/or dense polycrystalline aggregates. The technological importance 

of this process hardly needs emphasizing. It is one of the most 

important and versatile methods of integration of materials in 

metallurgy and ceramics. Fast development of the art of powder 

technology in modern times necessitated better scientific understanding 

of the processes involved in sintering, the central problem of powder 

technology o 

To be generally valid, however, a definition of sintering 

must satisfy the following essential factors: 

(a) A liquid phase is present only to the extent that it 

leaves a solid skeleton behind. 

(b) A decrease in free enthalpy of the system, which 

represents the driving force of the sintering process, results from: 

(i) Diminution in the specific surface area due to 

initiation and/or growth of contacts (necks). 

(4i) Decrease in pore volume and/or the surface area of the 

porese i 

(44) Elimination of non-equilibrium states in the lattice. 

(iv) Important properties approximate to those of the 

compact, porosity free material, 

(38) " " 
On these bases, Thummler and Thomma have proposed the 

following definitions: 

'By sintering is understood the heat treatment of a system 

of individual particles or of a porous body, with or without the
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application of external pressure, in which some or all of the 

properties of the system are changed with the reduction of the free 

enthalpy in the direction of the porosity-free system. In this 

connection, at least enough solid phases remain to ensure shape 

stability.' 

It is clear that sintering of powders involves two broad 

phenomena: (a) adhesion or welding of surfaces together and 

(») change in shape of the particles to permet more and more of 

adhesion. Without (a) there is no sintering at all, and without (b), 

there cannot be any densification. 

502 Sintering Mechanism 

It is not’ possible to deal with all the aspects of this 

complex field in this survey, so only the main factors of influence 

will be considered. 

The tendency of a system to assume its state of lowest free 

energy is the driving force for sintering. At high temperature, the 

powder compact approximates to the stable state, with the co-operation 

of all the transport mechanisms concerned, The excess free energy 

exists in the compact in the form of surface energy of all interfaces, 

including grain boundaries, and as excess lattice energy in the form 

of vacancies, dislocations and internal stresses. 

The surface energy remains more or less constant during 

compaction, as it is an intrinsic property of the powder. What ny 

dependent upon the compacting operation to a greater extent, however, 

is the lattice, or internal energy factor, and the number of metal- 

to-metal contacts. The former increases due to the formation of 

dislocation vacancies, and internal stresses, and the latter increases 

with compacting pressure. The high free energy level of the compact
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leads to the sintering reactions which occur at high temperatures. 

5 ede The stages of Sintering 

There are three distinct interconnected stages of sintering: 

(a) The early stage of neck growth. In this stage, neck 

growth proceeds according to an exponential time law, and the powder 

particles remain as individual, since it is still not possible for 

strong grain growth to take place beyond the original particle. The 

tensile stresses resulting from surface tension maintain the grain 

boundaries between two adjacent particles in the plane of contact. 

However, the occasional formation of new grains is possible. The 

midpoints of the particles approach only slightly corresponding to a 

small contraction, but a marked decrease in surface activity takes 

place. 

(») The stage of densification and grain growth. When the 

x/a vatio, Fig. 8, exceeds a certain value after intensified neck 

growth, the separate particles begin to lose their identity, Most 

of the shrinkage takes place at this stage, where a coherent network 

of pores is formed, and grain growth continues. This is somewhat 

overlapping start of third stage sintering. As channels are lost, 

the geometric form of the pore network becomes simplified (40) | 

Instead of a complete network, the disconnected parts degenerate into 

trees, with systems of branches that connect to nothing else. The 

tips of the branches may be absorbed into the parent limb, or they 

may be cut off to become isolated pores, Fig. 9. 

(c) The final stage with closed pore spaces. At this 

stage, the "genus" or connectivity of the pore network becomes zero, 

with very small tendency to densify further. This is because the 

isolated pore shapes tend to become spheroidised. The third stage
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is finally characterized by a reduction in the number of these 

isolated spheroidised poreso 

54 Possible Mechanisms of Material Transport 

Table 1 enumerates all the conceivable mechanisms of 

material transport that can occur in sintering processes 

TABLE 1 

(38), 

Possible elementary processes (transport mechanisms )during sintering 

  

IA Without material transport Adhesion 

  

1B With material transport 
(Movement of atoms over 
increased distances) 

Surface diffusion 
Lattice diffusion 
via vacancies 

lattice diffusion 
via interstitials 

Grain boundary 
diffusion 

Vaporisation and 
re-condensation 

Plastic flow 

Grain-boundary 
Slip 

Movements 
of individual) 
lattice 
structural 
components 

Movements 
of lattice 
regions 

  

Cc With material transport 
(movement of atoms over 
very small distances)     Recovery or 

recrystallisation   
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Although adhesion occurs in every type of particle contact, 

it is not likely to constitute the dominating mechanism except in 

impact sintering. (41) 

The transport mechanisms listed in Table IB might be 

supplemented by viscous flow associated with self diffusion co-efficients. 

This is the same as ‘diffusion creep' according to the Nabarro- 

(42) Herring mechanism » where an 'oriented' diffusion is activated by 

external stresses. i 

It is extremely probable that surface diffusion occurs in 

all sintering processes. The rounding off of the internal and 

external surfaces and pores is produced by surface diffusion which 

requires the least activation energy of all types of diffusion. 

lattice diffusion by a vacancy mechanism is the most important. 

Vacancy gradients exist between the undistorted lattice and both 

curved surfaces and pore edges, between surfaces having different 

curvatures and between the distorted and undistorted lattice. Vacancy 

sources can be small pores or concave surfaces, while vacancy sinks 

can be larger pores, convex surfaces, and grain boundaries, This 

process can lead to densification. 

Interstitial diffusion has not been studied in much detail, 

In cases where it might have a strong influence, for example, on neck 

growth, phase separation must always -occur. 

Vaporisation and recondensation have been observed to be the 

predominant mechanism in some cases, mainly in metallic oxides where 

the vapour pressure is high. Flow processes are no longer thought to 

be of major importance, but have enabled the mechanisms of hot 

pressing to be understood. 

The relative importance of the above mechanisms depend solely 

3 
upon the system concerned. Kaczyneii $42) has carried out an
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experimental approach to the determination of these mechanisms by 

(42) using wire-wire and wire-bar models, Herring formulated his 

‘scaling laws' from these model data and suggested experiments in 

which a group of particles of the same material with different radii 

=Aa, are sintercd until their necks bear the relation- ay and a, with a. 
2 1 2 

ship xy BAX, Fig. 8. The times required to reach this neck radius 

relationship would be ty and ty with ty = tos where H is Herring's 

Scaling factor, The relationships between H and A would then deter- 

4 
mine the mechanism, with H = A 3 for volume diffusion, H = A° for 

surface diffusion Beas?) The time law of neck growth can thus give 

(44) | an indication of the predominant sintering mechanism 

Dede Sintering of miticomponent systens 

In the case of mutual solubility of the systems, it is 

necessary to differentiate between: 

(a) Sintering homogeneous solid solutions (with a 

concentration gradient) 

(b) Sintering with simultaneous homogenisation 

(c) Sintering with the decomposition of solid solutions 

Thummler studied the systems Fe-Sn, Fe-Mo, Fe-Ni and Cu-Sn 

with up to ~2 at,% of the second metal in homogeneous solid solution. 

He found the sintering behaviour to be closely related to the physical, 

and thermodynamic properties of the solid solutions. Strong promoting 

or inhibiting effects can be observed due to the different partial 

diffusion co-efficients of the constituents. New vacancies are 

cohtinually formed and if they coagulate to form new pores, they 

have an inhibiting action, by producing the Kirkendall effect 

(preferential penetration of one phase into the other). The formation 

of a new phase (reaction sintering) is associated with expansion
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phenomena in many cases. The result of the different atom mobilities 

is that a large amount of diffusion porosity is formed and along with 

the inherent brittleness of many phases, this can lead to premature 

failure of some compactse 

5 eb. Liquid Phase Sintering 

This field occupies a special position attributable to the 

different mechanisms such as: A 

(a) ‘he ease of diffusion in melts 

(b) The possibilities of re-ordering of the phase remaining 

solid in the melt, and 

(c) Rapid dissolution and re-precipitation 

These play a major part in solid/liquid systems compared to the 

predominance of diffusion in the solid state. 

Based on phenomenological observations, Kingery) 

considered three distinguishable stages: L 

1. Rearrangement of the particles of the residual solid 

phase by viscous flow in the liquid phase. In this case, wetting of 

the solid by the liquid is the important factor, not solubility. 

2. Dissolution and re-precipitation. At least limited 

solubility is necessary and densification is slower because transport 

is dependent upon solution and diffusion in the melt. Small grains 

with strongly convex curvatures disappear while larger ones assume 

amore regular shape. The driving force is the enhanced chemical 

potential in the contact zones due to higher compressive stressese 

This leads to dissolution in these regions and precipitation in 

regions of lower stress. In case of complete wetting (angle of 

contact =0°), the grains remain separated by films of liquid. 

3e Coalescence. In the case of incomplete wetting
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(angle of contact <90°), the solid grains are partly in contact 

without the interposition of the melt, and processes such as those 

formed with solid phase sintering can occur, and become rate- 

determining. 

A non-wetting liquid phase (contact Angle >90°) is 

ineffective or inhibiting and usually exudes partially from the 

sintered compact in the form of droplets. 

In the case of Fe-Cu, the liquid metal dissolves into the 

iron matrix giving a growth component in addition to shrinkage upon 

sintering. This enables closer tolerances to be achieved, and so is 

of some technological advantage.
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507 THE HOMOGENISATION BEHAVIOUR OF MARAGING STEEL POWDER AND 

IRON POWDER MIXES. 

The homogenisation behaviour of maraging steel and pure iron 

powder mixes can be understood by considering the geometry of the 

compacted mass, which may be idealised to spherical particles of the 

minor constituent (i.e. 25% pure iron powder in case of My series) 

embedded in a continuous matrix of the major constituent (i.e. maraging 

steel powder in the rest of M, series). This situation is shown in 
eZ 

Fige 9A. The idealised geometry can be referred to as the concentric- 

sphere model wherein each minor constituent particle has associated 

with a shell of matois, 2) 

The homogenisation behaviour of powder compacts that approxi- 

mate the idealised, concentric-sphere geometry may be compared to the 

behaviour of ordinary diffusion couples. The principal differences 

between the concentric sphere model and diffusion couples are the 

diffusion geometry (spherical Vs. planar) and the fact that diffusion 

distances in couples are usually small compared to the size of the 

couples, whereas, in the concentric-sphere model, the diffusion is to 

be considered over the entire sphere-shell composite. The similarities 

between the concentric-sphere model and diffusion couples include: 

(a) ‘the general form of the concentration-distance profiles, 

(b) the applicability of Fick's laws of diffusion, 

(c) the development of Kirkendall effect 

(a) the validity of the approximation that equilibrium 

compositions are present at interfaces between phases in the multi- 

phase systeme 

To delve deeper into these aspects of homogenisation is 

beyond the scope of the present work. Only those points of some
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st wi 

significance and applicable to the present work will be dwelt,heres 

The progress of homogenisation in the idealised, concentric= 

sphere model, and concentration-distance profiles for the micro- 

structures can be shown schematically in Fig. 9B » The shaded areas 

represent the areas of inter-diffusions 

From this, it appears that, for My groups of compacts, Figs 9B 

©) after sintering and heat-treatment, ferritic areas are embedded 

in a martensitic matrix, with interparticle and intraparticle 

porosities randomly distributed throughout the compacted mass, and 

equilibrium compositions being present at interfaces between the 

phases in the martensite-ferrite system, The pockets of ferritic 

zones might act as buffer between the surrounding martensites, and 

thus reduce volume contraction, as experienced by the maraging steel 

compacts of My group, while sintering. 

For M, group of compacts which consist of a compacted mass 
3 

of maraging steel Powder diluted with 50% pure iron powder, the 

idealised geometry can be referred to as a concentric-sphere model 

wherein each constituent particle (iron particle or pre-alloyed 

maraging steel particle) has associated with it a shell of the matrix, 

which is more or less equally dominated by either of the constituent 

particles, Fig. 9B(c,d) . The shaded areas, as usual represent the 

areas of inter-diffusion. In this group of compacts, the continuity 

of martensites is broken, after sintering and heat-treatment by the 

presence of an equal amount of ferrite, more or less evenly distributed 

throughout the compacted masse 

The variations that may exist between the idealised, 

concentric-sphere model and actual powder compacts are primarily 

geometric. The interparticle porosity, non-uniform distribution of 

particles, particle size distributions of the minor constituent, and
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non~spherical minor constituent shape can cause variations in homo= 

genisation behaviour from that predicted from the idealised model, 

In addition to these geometry effects, interparticle and intraparticle 

porosity can give rise to enhanced mass transport through the compact. 

These effects would, therefore, result in variations between homo- 

genisation behaviour predicted by volume interdiffusion models and 

experimentally-determined behaviour. 

Since the variation of concentration with distance is the 

principal structural feature to be studied in homogenisation, microprobe 

scans across the microstructure provide a direct measurement of the 

degree of heterogeneity. In Fig. 67 is shown a typical distribution 

of the elements in the sintered compacts studied. As stated 

in section 9.5, the distribution of Ti, Co and Mo is not uniform, and 

the abrupt fluctuations in the distribution curve for Ti, Al, are due 

to the presence of some complex titanium or aluminium precipitates. 

The structure of sintered materials is inhomogeneous, at 

least over short distances, as a result of irregularities in the 

particle stacking, etc, and over greater distances in compacted 

structures. If a sample containing several hundred particles is 

analysed, small scale inhomogeneities are averaged out. Any long 

range variation in the topological properties can, in principle, be 

detected by analysing samples at various locations in the sinter body, 

but it is a time consuming undertaking which has not been attempted 

for the present work.
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be LITERATURE REVIEW PART TTL 

6.1. Relation between Young's Modulus and Porosity 

The elastic modulus iy of sintered steels and iron-based 

alloys is influenced mainly by the void content in the material and 

is relatively insensitive to changes in composition. The elasticity 

ratio H,/S has been related to the porosity (€ ) by vendam(49) by the 
’ 

expression: 

y 
B= B(l-e)™ x 40° pets n(e) 

where By es elastic modulus of sintered steels and iron-base alloys 

Eos elastic modulus of steel 

€ # fractional porosity. 

This limits the elasticity of these alloys to a range 0-29 x 30° psi, 

corresponding to porosities of 100% and 0 respectively 

The plot of wy s. fractional porosity for a series of porous 

iron-base compacts is shown in Fig. 10. The elasticity of all porous 

compacts is lowered by increasing the porosity. The decrease is 

progressively more rapid for products with more than 207 void and is 

independent of the dimensions of the particles.
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Te LITERATURE REVIEW PART IV — THE MECHANICS OF FRACTURE, 

i es Introduction to Fracture Mechanics 

An overwhelming amount of research on brittle fracture in 

engineering structures has shown that numerous factors (e.g. service, 

temperature, material toughness, design, residual stresses, fatigue, 

etc.) can contribute to brittle fracture. However, the recent develop- 

ment of Linear Elastic Fracture Mechanics (L.E.F.M.) has shown that 

three primary factors control the susceptibility of a structure to 

brittle fracture, These are: 

(1) Material Toughness (Ke, Kyg)s 

Material toughness can be defined as the resistance to crack 

propagation in the presence of a notch and can be described in terms 

of the static critical stress-intensity factor under conditions of 

plane stress or plane strain. In addition to metallurgical factors 

such as composition and heat-treatment, the notch toughness of a 

structure also depends on the application temperature, loading rate, 

and constraint (state-of-stress) ahead of the notch. 

(2) Flaw Size (a). 

Brittle fractures initiate from flaws or discontinuities of 

various kinds, These discontinuities can vary from extremely small 

eracks to much larger weld or fatigue cracks. Complex structures are 

not fabricated without discontinuities (porosity, lack of fusion, 

mis-match, ete), although good fabrications practice and inspections 

can minimize the original size and number of flaws. Even though 

only ‘small! flaws may be present initially, static loading can cause 

them to enlarge, possibly to a critical size.
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(3) Stress Level (o) 

Tensile stresses (nominal, residual or both) are necessary 

for brittle fracture to occur. The stresses in many complex structures 

are difficult to analyse because of the complexity of possible dynamic 

loading, and because of the stress concentrations present throughout 

a structure that increase the local stress levels, as well as the 

residual stresses. 

All three of these basic factors are inter-related in 

brittle fractures in structures, All other factors such as tempera= 

ture, loading rate, residual stresses, etc., merely affect the above 

three primary factors. 

Engineers have known these facts for many years and have 

reduced the susceptibility of structures to brittle fractures by 

applying these concepts qualitatively, and in recent years, the 

engineers are endeavouring to specify design guidelines to evaluate 

the relative performance and economic trade-offs between design, 

fabrication and materials in quantitative manner. 

The fundamental principle of Fracture Mechanics is that the 

stress field ahead of a sharp crack can be characterized in terms of 

a single parameter K, the stress intensity factor, having units of 

MN [aie GA (at ae ae Tie (sine lek parameters Kise lated 40, both the 

stress level (o) and flaw size (a). When the particular combination 

of o and a (represented by K) reaches a critical value of K, called 

Ke, unstable crack growth occurs. 

By knowing the critical value of Ky at failure (Ke, Kig) for 

a given structure of a particular thickness and at a specific tempera 

ture and loading rate, the designer can determine flaw sizes that can 

be tolerated in structural members for a given design stress level, 

Conversely, he can determine the design stress level that can be
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safely used for a flaw size that may be present in a structure. 

This general relationship between material toughness (Ke), 

nominal stress (o) and flaw size (a) is shown schematically in Fig.1l. 

If a particular combination of stress and flaw size in a structure 

(K,) reaches the Ke value, fracture can occur. Thus, there are many 

combinations of stress and flaw size (e.g. oO, and ap) that may cause 

fracture in a structure having a particular value of Ke at a 

particular service temperature, loading rate and plate thickness. 

Conversely, there are many combinations of stress and flaw size (e.g. 

oy and a,) that will not cause failure of a particular structure i.e. 

below the Ke line, 

The preceding L.E.F.M. analysis pertains to conditions at 

fracture. For most structural members, the tolerable flaw sizes are 

much larger than any initial undetected flaws. However, for structures 

subjected to fatigue loading, these initial cracks can grow throughout 

the life of the structure, L.E.F.M. provides a means to analyse the 

subcritical crack growth behaviour of structures under fatigue loading 

using the same conditions as at fracture. L.E.F.M. philosophy assumes 

the existence of small flaw or flaws of certain geometry in structures 

after fabrication and that this flaw can either cause brittle fracture 

or grow by fatigue to the critical size. To ensure that the structure 

does not fail by fracture, the calculated critical crack size, anes 

at design load, must be sufficiently large, and the number of cycles 

of loading required to grow a small crack to a critical crack must be 

greater than the design life of the atmncte tt 

702 Criteria for Fracture 

The first notable contribution to fracture was due to 

Grirritn 4 , who proposed an énéxay criterion Towitne extension of
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such a crack. This involved a balance between the elastic strain 

energy released and the surface energy created due to an incremental 

inerease in its length. Thus at equilibrium, the stress was given by 

2EY \$ 
Crs C=) ecccocecece (2A) 

where @ = half crack length 

E = Youngs modulus and 

Y = Surface energy 

The Griffiths equation is valid only for a completely 

brittle solid; for metals where crack extension is accompanied by 

plastic flow, the increase in surface energy considered in Griffith's 

equation is several orders of magnitude less than the energy expended 

in plastic deformation. So, Griffith's criterion was subsequently 

(49) (50) modified by Irwin and Orowan to account for the predominantly 

plastic work that is involved in most metal fractures under normal 

conditions, and energy of plastic deformations or crack extension 

force G replaced the surface energy, as the controlling factor in 

brittle fracture. Thus the applied stress required to propagate an 

elliptical crack of length 2a within a lerge plate under conditions 

of plane stress is given by 

a 

GPU (Soe )R > iss sesete (3) 

where E is the Young's modulus and Ge represents the total work 

consumed in producing unit area of new crack surface and known as 

‘oritical strain-energy release rate', the suffix c denoting its value 

at instability. Further rationalisation of this criteria by Trwin'49) 

realised the parameter Ke, defined as the ‘critical stress intensifi- 

cation factor' or the 'Fracture toughness parameter' and is regarded 

as a basic material property and the basis of Fracture Mechanics 

concept, and which enables direct comparison between materials.
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In contrast to Inglis) work, where he considered the 

stress concentration at a crack tip, Irwin considers the stress 

distribution at the close vicinity of the tip and thus plasticity 

effects can be appreciated. Yor conditions of plane stress, Ke and 

Ge are related by: 

  

Ke = (Gen) ® (4) 
and for plane strain 

ee [sez ie (5) 

  

l-v2 

where is the Poisson's ratio. 

From equations (3) and (4), it is evident that 

Ko of.(a)?, 

which satisfies Griffith's analysis and is normally used in 

the form 

Ko = Y. of, (a)? weeeneeuce (6) 

where Yis called the compliance function and depends on 

erack length and specimen or component geometry and has been evaluated 

for many situations using boundary collocation techniques (92993) and 

experimental compliance ealibration(54155), Through the use of this 

geometrical factor, the data generated from the laboratory tests can 

be used in real situations. 

Subsequent to the development for monotonic loading, L.E.F.M. 

found its application to fatigue as well. Substituting the o term 

in the equation (6) by Ao, Omin, omax and Omean, the corres- 

ponding stress intensity terms can be obtained. In fact, many research 

amas eo) have related fatigue crack growth rates in a variety of 

materials to stress intensity factors by means of simple equations. 

The L.E.F.M. approach is now widely used to evaluate the resistance 

of materials to fatigue crack propagation.
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Three basic modes of crack surface Ale have 

been isolated, shown in Fig. 12. These are: 

(I) The tensile opening mode. ‘The crack surfaces move directly 

apart; analogous to an edge dislocation. 

(II) The edge sliding mode, The crack surfaces move normal to the 

erack front and remain in the crack plane, also analogous to an edge 

dislocation. 

(IIT) The shear mode, ‘The crack suffaces move parallel to the 

erack front and remain in the crack plane; analogous to a screw 

@islocetieas 59) . 

K denotes the stress intensification level for the tensile 

opening mode, and at the level of instability becomes Kee Irwin's 

analysis of the stress field at the tip of a crack for mode I crack 

surface displacement in a homogeneous elastic solid can be specified 

by Westergaard's (60) stress field equation for cracks: 

a 

  

ne tees BEG. cin & 38 ox = pa OBS (1+ sin 5 ein “5 ) 

t 8 18. fi 30 
ey = = cos 5 (1+ sin 5 sit ) (7) 

  Txy = eos & sin eos = 
+ f2ur 2 2 2 

Cm 

  

sy 8 28 
sin > (2-2 v = cos’ a) 

Oz = v(ox + oy) (Plane Strain) 

z= Tyz = 0 , Se 0 (Generalised Plane Stress) 

incest Cat cos $ (1 ~2v+ sin’ 2) 

ees 
G 

0
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where (x, @) denotes the polar co-ordinates of a point in the stress 

field taking the crack tip as origin; u, v, w are displacements in the 

X, y, 2 directions; G is the shear modulus, v is the Poisson's 

ratio, and which indicate that identical stress fields are obtained 

for identical K values. The co-ordinate system is shown in fig. 13. 

Elastic stresses are inversély proportional to the square root of the 

distance from the crack tip, and become infinite at the crack tip. 

73 The Effect of Yielding 

An uneracked metal plate loaded in uniaxial tension is ina 

state of plane stress. The insertion of a crack does not affect the 

plate remote from the crack tip, which remains in plane stress, but 

the highly stressed material near the crack tip is prevented from 

contracting in the thickness direction by the material further away 

from the crack, and is, therefore, in a state of plane strain. In the 

interior of the plate, there is a transverse strong 2) of the form. 

a (8) 

where vis the Poisson's ratio, Fig. 14. All the plate 

oy, = V( ox + oy ) oe 

  

surfaces, however, will still be in a state of plane stress. 

In a metal, the yield stress is exceeded near the crack tip 

and a plastic zone develops; the approximate extent of this plastic 

zone can be estimated by substituting a yield criterion into the stress 

field equation. If the plastic zone is small compared with the plate 

thickness, transverse yielding is restricted and conditions near the 

erack tip approximate to plane strain through most of the plate thick- 

ness. In Fracture Mechanics, this localized plane strain situation is 

called plane strain, Fig. 15 and 16, and exists in most metals, 

provided the thickness is at least 
K 

Baeses)
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where 9y is the yield stress (usually taken as the 0.2% 

proof stress), A large plastic zone means that 9 is not fully 

developed through the specimen thickness; when the plastic zone size 

becomes comparable with the thickness, yielding can take place on 45° 

planes, Fig. 17, and the stress state near the crack tip changes to 

oy plane stress. This happens when the thickness <<2.5 ( and 

in Fracture Mechanics is referred to as plane stresse 

The actual size and shape of plastic zone, Fig. 18, depends 

on the plastic flow properties of the material, but it is proportional 

to (Ky / oy)*. The relaxation of stress, caused by yielding inside 

the plastic zone means that to maintain equilibrium, the stresses 

outside the plastic zone must increase slightly. The plastic zone, 

thus, increases the effective length of the crack. This effective 

increase, called ry (a symbol for nominal plastic zone radius) is 

(49) 25 given approximately by Irwin 

Teepeices? Cae ( sy )©, for plane stress sscceee (9) 

ry = ts ( = YE for plane strain scceeee (10) 

These corrections are only applicable when the plastic zone 

is small compared with specimen dimensions in the plane of the plate, 

and are, therefore, within the region where the stresses are reasonably 

accurately described by the stress intensity tactor’63), If the 

plastic zone becomes too large, which happens when the net sections 

stress exceeds about 0.8 oy (64) | the L.E.F.M. is no longer applicable. 

It is not always possible to define the net section stress 

unambiguously and other criteria may be adopted 2s for example, 

the crack length is at least 2.5 (Kjo/ oy)*e
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(66) and Rice (67) It is interesting to note that Paris 

independently stated that the equations (9) and (10) do not apply to 

fatigue situations. Due to extreme stress concentration at the crack 

tip, plasticity is always present in the material. When the load is 

reversed as in the case of fatigue, plasticity occurs at the crack 

tip in the reversed sense. The new plastic zone starts to form within 

the old plastic zone from the maximum load. 

Since to cause plasticity in the reversed direction, the 

yield stress should be doubled, the new fatigue plastic zone size is 

approximated by 

  

2 
ere >= or ( ae? for Plane stress 
y 21(2 oys) v 

2 2) 

and Ty = Be a a ( cd 2 for Plane strain 
2m (/3 2 sys) = 

For fatigue cycling with a stress amplitude of AP, the 

cyclic plastic zone depends on AP only and is independent of the 

maximum stress provided that no crack closure occurs during compressive 

part of the load cycle. The formation of the cyclic plastic zone 

within the maximum plastic zone is shown schematically in Fig. 19. 

The value of Ke is normally a minimum under plane strain 

conditions as shown in Fig. 16; it becomes a material property 

denoted as Kygs in the same sense as the 0.2% proof stress. The 

existence of Ki as a material property is the main justification for 

the application of Linear Elastic Fracture Mechanics to brittle 

fracture problems. 

When a specimen containing a crack is loaded, the crack tip 

opens without extension of the crack, This movement is called the 

crack opening displacement (COD) and is associated with the develop- 

ment of plastic zone. Its critical value oe when the crack starts
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(68) to grow, is roughly constant » and approximately equals Ge/ oy; 

8c is used as a measure of toughness for low strength steels and has 

the advantage that it still has meaning at, and beyond general yield. 

104 Micromechanisms of Initiation and Growth of Fatigue Cracks 

Te4ele Introduction 
The early work of relating initiation sites and topography 

of fracture surfaces to their causes and basic mechanisms was severely 

restricted by the inherent limitations of optical microscopy. The 

recent application of electron microscopy with its far larger depth of 

field and higher resolving power has, to a great extent, overcome the 

limitations imposed by optical microscopy in the study of fracture 

surfaces. With the help of this technique, usually referred to as 

electron micro-fractography (using scanning and transmission electron 

microscopes) at high magnification, more details are visible, and 

need to be categorized and described if the fractographs are to be 

related to the micromechanisms of crack initiation and propagation. 

Fatigue is a complex phenomenon, involving microscopic flow 

processes and macroscopic crack extension, to final fracture. Forsyth 

(70) divided fatigue cracking into three stages - initiation, Stage I 

or slip band growth (crystallographic) and Stage II growth on planes 

normal to the maximum tensile stress (non-crystallographic). 

Veh4o2e Mechanism of Crack Initiation 

It was first noted by Ewing and Humphrey 7) that the 

process of crack initiation in un-notched specimens takes place at 

slip bands. During further investigation of these slip bands in 

fatigued specimens, Forsyth‘ 72) observed that metal was extruded
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from the slip bands (‘extrusions'), and at the same time, fine crevices, 

generally termed 'intrusions' were formed within the bands. These 

intrusions developed into cracks and crack initiation was loosely 

defined as the formation of a 'viable' crack from a slip band 

intrusion. While little attention has been paid to the number of 

eycles taken to initiate cracks in un-notched specimens, it has been 

shown that crack initiation occupies the majority of the life in high 

cycle fatigue(™?)» (74)» 

It is well established that surface conditions greatly 

influence the fatigue life, rough surfaces giving shorter lives than 

smooth surfaces and this is attributed to the presence of favourable 

sites for the early formation of slip bands at stress concentrations 

such as surface scratches. Several mechanisms for the formation of 

extrusions and intrusions have been proposed, and have been summarized 

by Kanneaye >) and tynon'79), Fig. 20. These mechanisms, although 

differing in details, postulate reversed slip mechanisms on planes 

of maximum resolved shear stress. While there have been many 

investigations concerned with the effect of notches on fatigue life, 

crack initiations in notched or pre-cracked specimens has been almost 

entirely neglected, it being generally assumed that crack initiation 

takes place immediately at sharp cracks, and after a small proportion 

of the fatigue life from blunt notches. Exceptions to this are the 

(77) (78) investigations of Weibull and Hoeppner who showed that crack 

initiation could occupy a significant proportion of the fatigue life 

of notched specimense 

Tedede Accepted Model of Mechanism for Initiation 

While specific dislocation mechanisms have been proposed to 

Scout ion extrisionianatintrasion during rathausctae co, O22 82)»
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cottrei (83) proposed that extrusions would result when soft material 

in slip bands was squeezed out plastically during the compressive 

phase of the fatigue cycle and not sucked back during the tensile 

phase, Fig, 20. In many materials, cyclic stressing may locally 

(76) remove strengthening components within persistent-slip bands 

(PSB's), where extrusion/intrusion commonly occurs, and PSB's should 

then be softer than their surrounding matrix. In age-hardened Al 

alloys, PSB's are thin layers of material, usually ~0.1 pm thick, in 

which re=solution or overaging of precipitates has occurred (84, 85, 

86). In these alloys, fatigue initially produces narrow discreté 

bands of high dislocation density; these bands form along "quench 

bands", which usually contain only a slightly lower than normal 

density of precipitates and are already present before retigues tls 

Re~solution of precipitates within these bands of high dislocation 

density, probably involving dislocation enhanced diffusion, enables 

the dislocations within the bands to re-arrange into a fine sub-grain 

structure. In cold-worked Al, fatigue can induce localised recrystall- 

(70), isation along slip bands In other alloy systems, the same 

mechanisms of crack initiation may be seen to operate. 

Todede Mechanisms of Fatigue Crack Growth 

Stage I fatigue crack growth, Fig. 21, is characterized by 

propagation of the crack on a plane oriented at approximately 45° to 

the stress axis and by crystallographic fracture facets changing 

(89) with orientation at grain boundaries, and it is 

(70) 

direction slightly 

considered by Forsyth to be an extension of the reversed slip 

process responsible for crack initiation. According to the 

model of mechanisms of crack initiation\7®) , Stage I cracks initiating 

from intrusions, propagate along PSB's (and grain boundaries) and
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their crack-tip regions often consist of series of holes (tunnels), 

extending to different depths into PSB's which subsequently link up, 

Fig 20. This mode of growth can continue for an appreciable proportion 

of the life in un-notched specimens, particularly under torsional 

loading, but persists only through a few grains in notched specimens 

after which Stage II takes over. 

In Stage II, plane of crack propagation is at 90° to the 

stress axis and it is generally characterized by certain microscopic 

features, known as fatigue striations on the fracture surface. These 

fatigue striations first wrongly observed by Zappfe and Worden'2°) as 

some micro-cellular structure in metals, are characteristic to fatigue 

erack growth only, running more or less parallel to the crack front, 

Fig. 22. crussara(2?) suggested that each striation represented the 

erack growth by ten load cycles, Tests employing single programme 

loading, however, showed that each striation was produced by a single 

cycle (22 93), an observation confirmed by many workers and providing 

the basis for subsequent quantitative work, The converse of this 

statement i.e. 'that every load cycle produces one striation' is not 

necessarily valid, since the crack-tip stress resulting from some 

cycles may be too small to produce an increment of crack length, 

(94) | In many alloys, for 

(95) 

especially in programme or block loading 

example, aluminium alloys and 3% silicon iron striations are well 

defined, but they are less clearly visible in ferritic and bainitic 

structures and their presence in tempered martensitic structures has 

not been conclusively demonstrated. The regularity of striations is 

also distorted by the presence of large volume fractions of second 

phase particles as in spheroidised 1% carbon stee1 25),
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The presence of numerous well-defined striations on a 

fracture surface unambiguously defines that filure was by fatigue. 

Their absence does not preclude the possibility of fatigue fracture. 

Invisibility of striations on a fracture produced by cyclic load may 

arise from: 

(a) Their spacing being too small to be resolved by the 

observational technique used. The smallest inter-striation spacing 

reported is a ~ 200 ae (97), 

(v) Insufficient ductility at the crack tip to produce a 

ripple by plastic deformation large enough to be subsequently 

observed. 

(c) The operation of a fatigue fracture mode that does not 

produce striations. 

(a4) Their obliteration by damage subsequent to erature). 

The striations that are formed at very low crack growth 

rates (< 5x 1076 in./cycle or 127 nm/c) are difficult to resolve 

and often cannot be distinguished from the network of slip lines and 

slip-bands associated with plastic deformation at, and near the fracture 

surface. Under these circumstances, measurement of striation spacing 

is difficult, if not dmposeinis 7°). 

The main mechanisms for Stage II crack growth and the 

striation formation can be listed as: 

(i) Plastic blunting process of crack growth 

(ii) Cyclic slip and movement of dislocations 

(iii) By shear and decohesions. 

(iv) Microvoid coalescence and growth. 

All the models relate to damage by cycling at the vicinity 

of the crack tip, differing only in the way in which the damage occurs.
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(88) assumes that a In his plastic blunting process, Laird 

small double notch exists at the crack tip from prior damage. As a 

tensile load is applied, the double notch at the erack tip serves to 

concentrate slip band along planes at 45° to the plane of the crack 

and to maintain a square geometry of the tip. When the specimen is 

aeformed to the maximum tensile strain, the stress concentration 

@ffect of the crack is lessened, and the crack tip blunts to a semi- 

circular shape due to the broadening of the slip bands at the tip. 

Upon application of compressive load, reversed slip occurs, and the 

new crack surface created in tension is forced into the plane of the 

erack and partly folded by buckling of the very front of the crack tip 

into another notch. The process then repeats and crack growth occurs, 

Fig. 23. Depending on the inclusions, grain boundaries etc., slip 

zones may not remain symmetric. Moreover, variation of the position 

of slip planes with respect to the stress axis for different orienta- 

tion of the cycles at the crack tip may cause asymmetry of the notch 

fap) Subsequent loading may induce plastic blunting in the most 

advanced part of the crack. Thus, in effect, erack growth occurs, 

according to taira (88) » during the increasing part of the load cycle 

only, but Seni jve (20) believes that crack tip sharpening occurs during 

unloading, as depicted in Fig. 24. 

Basically alternate blunting and re-sharpening of the crack 

tip give rise to striation formations, Figs 23,24. Forsyth et ai (102) 

have distinguished between two types of fatigue fracture striation: 

Type A or ‘ductile’ striations, each consisting of a light and dark 

band, lying on irregular non-crystallographic plateau, e.g. Al-Zn-Mg 

alloy. Type B or 'brittle' striation lying on fan-shaped crystallo- 

graphic facets, as on {100} facets in corrosion-fatigue tested Al-Zn-Ng 

alloy and hydrogen-charged agent? 4) Fig. 25. These facets often
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exhibit ‘river markings' and the striations show limited ductility. 

The spacing of both types of striation increases with the stress at 

the crack tip; their curvature is away from the origin of failure 

and large local variations in spacing and orientation have been 

observed in immediately adjacent areas of fractures in specimens 

cycled at constant load; the plateaux or facets on which striations 

lie are usually at different levels joined by regions of ductile 

(97,103,104) 
(205) , 

tearing Both types of striation have been reported on 

grain boundaries The spacing of fatigue striations does not 

(106) 
correlate well with macroscopic crack growth rates » especially 

at higher crack growth rate, Fig. 26. The macroscopic crack growth 

rate is the sum of the normal fatigue process causing striations and 

the dimple fracture component caused by tensile tearing. 

According to Lai ra (108) (209) and Schijve » the Stage II crack 

propogation is an extension of Stage I crack propagation. On cycling, 

dislocation movement occurs on one or two sets of crystallographic 

planes at 45° to the crack plane, Fig. 27. Depending on the stress 

condition, crack tip may act as source or sink, Thus the crack 

extension occurs in each cycle as a consequence of a 'sliding off! 

(99) | (110) 
mechanism According to Broek » Striation depth could be 

larger on one fracture surface than on its mating part, depending on 

the orientation of the slip planes. 

According to Pelloux'11) » deformation at the crack tip may 

be caused either by alternate shears or simultaneous shear on two 

shear bands. If shear starts on one plane and strain hardening occurs, 

it could be easier to shear on the other plane, and this process may 

alternate.
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If the material is non-hardening, or the hardening is 

saturated, crack blunting will take place by simultaneous shear. 

Due to high strain at the crack tip, void nucleation and growth may 

oceur by further blunting and re-sharpening of the crack tip. On the 

(312) considers that the shear decohesion along other hand, Tomkins 

the inner edges of both the flaw bands occurs during the tensile 

part of the fatigue cycle. During compression, the reversed slip 

occurs, and the crack closes without significant re-cohesion of the 

newly cracked surface. Due to this process, Fig. 28, according to 

Tomkins, the familiar ripple patterns on the fatigue fracture surface 

ean form and this mechanism is also active in Stage I crack growth, 

but only on one plane, 

Second phase particles can nucleate voids and cracks can 

extend by growth and coalescence of these voids, Pelloux‘ 113) 

proposed that the effects of second phase particles on crack growth 

rate depends on the ratio of fatigue plastic zone size, =a to the 

interparticle spacing S. He suggested that when 

(a) 235 10S, crack growth rate depends on the matrix properties; 

(b>) r, =S, crack growth is a result of propagation through the 

matrix and second phase particles; 

(c) 10 <2 S, crack growth is mainly a result of crack extension 

(114), (210) shows through and around second phase particles Broek 

that at low AK, fracture occurs around second phase particles, but 

at high AK, voids form due to loss of coherency of the second phase 

particles with the matrix, However, Grosskreutz and Shaw6215) have 

shown that at low value of AK, second phase particles effectively 

hold up propagation and act as crack arresters, which is the opposite 

(113) | of the relationship proposed by Pelloux A mechanism of void 

formation and coalescence by second phase particles has been proposed
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by Forsyth and nyder (116) | In this mechanism, the high hydrostatic 

stresses ahead of the crack tip cause voids to form probably at some 

discontinuity in the matrix. e.g. a brittle particle. These voids 

eventually link up by thinning of the unfractured bridges unier 

biaxial stresses, resulting in crack extension, Fig. 29. Therefore, 

it can be expected that plane stress situations would be more favourable 

to void coalescence than plane strain condition, although void 

coalescence has been observed to occur under plane strain conditions. 

(117) El Soudani and Pelloux noted that the extent of void coalescence 

could be reduced by decreasing the volume fraction of inclusions in 

the matrix. 

Tede FATIGUE CRACK DIITIATION 

75ele Introduction 
Much of the data relating to the resistance of materials to 

fatigue failure has been obtained using smooth specimens, The data 

thus generated are of limited use, because engineering components 

almost invariably contain stress concentrators due either to design, 

in the form of section changes, notches, keyways etc., or to fabrica- 

tion difficulties in the form of defects such as laps, microporosity 

etc. In these ciroumstances, the choice of a safe design criterion 

depends on the working conditions of each individual component. If 

the stresses are low, then the defects may be assumed to be sharp 

cracks, and from a knowledge of the fatigue crack propagation rate, 

the time taken for the crack to reach a critical size, and hence the 

safe working life of the component, may be calculated. In these 

cases the application of fracture mechanics concepts has been found 

very successful. However, if the stresses are high, fatigue crack
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propagation rate is rapid, and it becomes necessary to design against 

the initiation of cracking at the stress concentrators. 

Tede20 Review of Criteria for Correlating Fatigue Crack 

initiation data in notched specimens. 

Tede2ele Stress-Strain Concentration Approach 

The theoretical stress concentration factor, Kt applies 

only when the material at the notch root remains elastic. Neuber' 18) 

analysed a specific notch geometry and loading and derived a rule 

which applies when the material at the notch root deforms non-linearly. 

Recent work has shown that this rule adequately describes the more 

general case of plastic action in notched axial specimen 119s 120) | 

According to Neuber, the theoretical stress concentration factor Kt 

is equal to the geometric mean of the actual stress and strain con- 

centration factors i.é. 

  Kt = (Ko.Ke)?, Neuber's Rule .e.eeee6. (12) 

Topper et ai (220) used the Neuber's rule to take into account 

plastic deformation at the notch root. This rule was derived for shear 

strained prismatical bodies containing deep longitudinal notches. 

In applying Neuber's Rule to the notched fatigue problem, 

Kt is replaced by Kf, ‘fatigue concentration factor’, and Ko, Ke are 

written in terms of the nominal stress and strain ranges As and Ae 

ies 

Gre Ne eee isnt 3) 

where Ao and Ae are local stress and strain ranges at the 

notch root. 

Rearranging and multiplying both sides by Young's modulus, E, we can 

write:
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Ke ( AGSUAG OE): = s( Ao Ac E)° svesceecess (14) 

and if the nominal stress and strain are limited to the elastic region, 

+ 

RE AS = (Ae Ac E)* sedicisas seeeaeeeamne(L5) 

The expression (14) is useful and important because it 

shows that a function of nominal stress and strain (AS ack)? need 

only be multiplied by an experimentally determined constant concen- 

tration factor to obtain the value of (AcAe Bye at the notch root29), 

The special case where AS is elastic but Ao and Ae are 

inelastic, is important, because it covers most problems of engineering 

interest. At even longer lives, and lower value of AS, the notch 

root remains essentially elastic and equation (14) reduces to the 

familiar form 

Kf. AS =Ao wespaceacuoeeis (16) 

This equation is frequently used at shorter lives when the 

material near the notch behaves inelastically. 

The relationship in equation (14) can be interpreted as 

furnishing indexes of equal fatigue damage in notched and unnotched 

specimens, or in other words, a notched specimen and a smooth specimen 

will form detectable cracks after the same number of cycles, provided 

Kf (AS Ae Bye for the notched specimen is equal to (Ac Ac nye for 

the smooth specimen. Thus, if a master curve of (Ac Ae Bye versus 

erack initiation (or life, as an approximation, provided the specimens 

are small) is obtained for smooth specimens, the life of a notched 

specimen can be obtained from the value of Kf.AS on the (Bo Ac 2)? 

axis. This correlation has been checked experimentally and 

reasonable agreement has been found between the predicted and 

observed notch behaviour (121, 122),
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A limitation of this method is that it only applies to 

constant amplitude, completely reversed (i.e. the stress ratio, 

R= ae = -1) strain controlled loading. However, while direct 

correlation between smooth and notched specimens is only possible for 

R = -1, examination of equation (15) indicates that for other R values 

crack initiation data for different notches can be correlated using 

the parameter Kf.AS. 

70502020 Fracture Mechanics approach 

Several workers (2239 124) have related the number of cycles, 

Ni, to initiate growth of a crack to the stress intensity range, AK, 

by an equation of the form 

Ni = KeCaAK) seeaseaeses (17) 

  

where A and n are constants for a given material in a given condition. 

Since fracture mechanics analysis applies strictly to sharp cracks, 

then, for defects with blunt tips some sort of adjustment to AK is 

required. Jack and Price(123) measured initiation at notches in mild 

steel and found that for sharp notches of root radius p ¢0.25 mme, 

Ni was independent of root radius, and equation (17) applied. 

Above the critical notch root radius, Ni is a function of 

root radius, written in the form AK/p%. Thus the effective stress 

intensity factor (Keff) for a blunt notch is related to that for a 

sharp notch or crack by: 

Pon 
Keff = K( >)? adamant cas (18) 

where Po is the critical value of p and equal to 0,25mm. for 

mila steer323), 

P’is the effective root radius and 

Pap when P 2 Po 

P=Pp, when PSP
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Pearson‘225) was unable to determine whether a critical root 

radius existed for a high strength aluminium alloy and he suggested 

that, if it did exist, it must be less than the 0.254 mm obtained by 

J oer 126) for mild steels. Pearson also described his initiation 

results in terms of the parameter AX/ph. Scatter was found to be 

fairly extreme. This could possibly be attributed to his criteria 

for initiation, which he defined as the load cycle when a 0.127 mm 

1,(128) 
erack was first observed. Forman's ‘initiation data plotted in 

terms of the parameter AK/p% also resulted in some seatter'127), 

Here again, an explanation can be found by properly defining the 

initiation event. 

(128) erack initiation, analogous to According to Forman 

erack growth rate, should be a function of the relative stress 

intensity parameter, aK where Ke is the fracture toughness. For 

blunt notches, he replaced Ke by an apparent fracture toughness Ka, 

which is corrected for the finite root radius. Ka is defined as the 

‘product of Ke and the ratio of the size of the plastic zone r at the 

tip of the blunt notch to the size of the plastic zone w at the tip 

of the sharp crack; thus 

oti Kon. EAs - shwedoarhad (a9) 
Values of = were calculated using the equation derived by 

Creager and Paris (229) for the stresses at the tip of blunt notches. 

Various initiation criteria cannot be tested accurately by 

experiment but crack growth law can be accurately measured by experi- 

(128) 
ment, According to Forman a satisfactory approach for predicting 

cycles to initiation of an ‘engineering size' crack is to use crack 

propagation theory in which it is assumed that crack growth begins 

with the first load cycle. Forman correlated his initiation data 

AK 
extracted from sheet specimens of 7075-16 aluminium alloy with ia °
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For his data, Ni was for the initiation of an average crack length of 

Cosme eile alcy clowed that data obbainedl by Nadeon Go) ton 

2014-T6 aluminium alloy could be correlated with ee e For this data, 

erack initiation was defined as the load cycle when a 0°063 mn. crack 

was first observed. 

It is apparent that several methods have been employed for 

correlating fatigue crack initiation behaviour at notches. Each 

method appears to correlate specific sets of data, An explanation 

lies in the fact that, in order to know that initiation has taken 

place, some crack growth must occur, since detection of a fatigue crack 

is the sole criteria of initiation. Thus the experimental value of 

Ni, is in general, 

  

Ni measured as) = Ni true(n) +N eee Ae «. (20) 

The criteria of initiation may be very sensitive and then the N(a) 

contribution to Ni is small, or vice versa 1) 

Both from a fundamental and a design point of view, it is 

Fapeeant to know how Ni varies as the initiation criteria is varied 

from the presence of a large fatigue 'nucleus' to a very small 

™nucleus'. This study of the very early stages of propagation is 

necessary in order to judge how conservative a particular criteria of 

(131) | nucleation is 

7-6 Fatigue Crack Propagation Laws 

Tebele Introduction 

In recent years, considerable effort has been focussed on 

the crack propagation phase of fatigue failures in an attempt to 

develop useful design rules. Analytical solutions have stemmed from 

several distinct disciplines of engineering science and to review all
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such models, a broad classification of crack propagation laws has 

been necessarye 

The various approaches can be divided into those involving 

dislocation theories, those based on the mechanics of fracture and 

dimensional consideration, and those founded on empirical studies of 

cyclic material behaviour and damage accumulation. 

Tebels Crack Propagation Laws 

The first continuum model for fatigue crack propagation was 

(132), 1953, in the following form: 

ZS VAG? a2 
CAo a“/2 (21) 

eoeeceececeo 

presented by Head 

da 
an ( oys - Ao)n, we

 

where C is a material constant 

Ao is the stress range 

Gys is the yield strength 

a is the crack length and 

x is the plastic zone size at the crack tip, 

and is assumed to be constant, 

Frost and Dugdare (153) showed on the basis of experimental 

results that plastic zone size is proportional to erack length. 

Further they concluded that the crack propagation rate is linearly 

dependent on the crack length which in turn is proportional to Ao. 

Thus they proposed the following model. 

og 3 ai 7 A Aga cccccccsoee (22) 

where A is a constant. 

Lin (254) modified the above equation, in subsequent work, to 

& = A Ao’a sovocecece (23)
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Z z 
Frost and pugdale’?33), and later, Prost(239), examined the 

effect of mean stress on the rate of crack propagations in several 

materials, including an annealed mild steel, cold rolled mild steel 

and 16/8 austenitic steel, and a crack growth relationship of the form: 

& = (P+Q on) Ao? a eececsoeoee (24) 

was proposed, where P, Q are constants and Om is the mean stress. 

Tomkins and igen 136) deduced a mechanism of fracture in 

terms of plastic deformation at the crack tip and this formed the basis 

of Tomkins theory’137) , Essentially, he calculated the crack tip 

a@ecohesion which would occur as a result of the plastic strain at the 

crack tip and equated this to da/@N, The result was a relationship 

4 (235) 
similar to that obtained experimentally by Fros » equation 24.6 

It was 

& . PONG Sig SUS Hee recess ses (25) 

Equation (24) would be the same as equation (25) if P = 0 as was 

found for aluminium alloys. 

According to Paris and Eraogan‘138), the laws of Head, equation 

(21), Frost and Dugdale, equation (22) and Liu equation (23), can all 

be approximated by the form 

di Ao"a” 
aN Cc 

where C is a constant and n = 

wiseeecsecesseesse | (26) 

ie 
2 

sD) ‘ 
Paris adopted an energy approach to crack propagations 

This was based on the assumption that the rate of change of elastic 

energy during fracture equals the rate of absorption of energy as 

plastic deformation. Assuming that all the plastic work is absorbed 

at the crack tip, the work is proportional to the area of the plastic 

zone per unit thickness, which in turn, is porportional to x4, He



(67) 
went on to suggest that, in fatigue, the alternating plastic zone 

based on AK, is relevant, so that the crack propagation relationship 

is 

da. m <= ¢ (AK) cethectancences (27) 

Thus Paris! theory predicts a value of m = 4, in equation (27) and no 

influence of mean stress or fatigue crack propagation. 

According to hints(254) analysis, the value of m= 2, He 

argued that this value holds good for results with maximum stress 

levels. Since the elastic strain energy released is a function of 

maximum stress, the maximum stress should give reasonable correlations 

Liu admitted that the value of m will have to be modified if Omax is 

not the same. 

Although a good fit for a variety of experimental data has 

been observed with Paris type equation, it has been well established 

that m can have values ranging from 2 to 661395 140) | 

(141) Forman et al. noted that Paris's equation was not a 

good fit for higher load ratios and crack growth rates, They 

attributed this to the onset of fast fracture as Kmax approached Ke, 

the fracture toughness of the material, Forman et al. (242) suggested 

that the approach to Ke could be incorporated in the crack propagation 

relationship by adopting the criterion 

Limit da es 
K max + Ke , aN oe 

Putting Kmax =aK/(1-R), where R is the stress ratio (Kmin/Kmax), 

this may be expressed as 

limit da 
AK + (1-R) Ke, an
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So, the crack propagation relationship suggested to include this 

condition can be written as: 

c_(4x)™ = ich) Ke DAK oe eeceeeeeeeeee (28) el
e 

  

1(142) This equation fitted nicely Broek and Schijves results, 

and also those obtained by Illg and MeBviliy! 143) for R=-1,. Later 

Hudson and Scardina‘244) also used equation (28) and found that it 

fitted their data for R>0, those for REO being fitted by the simpler 

equation (27), if the compressive part of a cycle was ignoredo 

Crooker and Lange (144) were less successful in unifying their data 

for steel when they applied Forman's equation. It should be noted 

that, since Ke is geometry and environment dependent, it cannot be 

regarded as a material constant. The value used in equation (28) 

would be appropriate to the test specimen geometry. This places a 

serious limitation on the use of the equation in practical situations. 

(145) Pearson investigated the effect of mean stress using 

thick (12.7mm) bend specimens, in which plane strain conditions are 

maintained until failure. This contrasts with the tests using thin 

specimens in which the fracture mode would be plane stress when final 

failure occurred. Hence, using equation (28) with Ke replaced by its 

plane strain value K. 10? and further modifying the equation to bias the 

effect of stress ratio Ponende high values of AK, Pearson obtained 

a ea (29) an = [G=8) oe TBR]? socececceon 

to secure better fit with his data. 

This equation (29) still complies with the criterion that 

eB secwhen Kmax = Kige Pearson's equation was also successful in 
aN 

1 

correlating Broek and Schijves data\ 142), as well as Naddoxta( 146) 

data at R = 0 and 40.56
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An indication of how the two equations (28 and 29 predict 

the influence of mean stress over a range of AK values, for high and 

low toughness materials, may be provided gravhically as follows. 

First, the predicted magnifications (M) in & for given values of R, 

Kio and AK, have been redefined relative to the values for R = oO, 

and are given by 

  

  

My = 1 eS al ei iC siadein a wi tegeacs (304) 
CR)Kzg “AK Kg = AK Q-R)Ky, -AK 

2. ‘ 2 Kio = AK ie 
> = 70K, - AKje ~~ SAD lee ee =| (308) 

where suffix F refers to Forman's and suffix P refers to Pearson's 

equation (146) | Secondly, the magnification factors have been plotted 

against AK for various stress ratios and two arbitrary Kio values in 

Figs. 30 and 31, It will be seen from Fig. 30 (high toughness) that 

Forman's equation predicts the greatest influence of stress ratio, 

although the two factors do not differ widely for low values of R and 

AK, Thus, the effect of R on plots of log (da/aN) vs. log AK would 

be to shift the curves along the log (da/dN) axis to give approximately 

parallel curves, as found in the results obtained by Broek and Schijve 

(142) | Clearly, either expression would be suitable for correlating 

such data over a wide range of R and AK values. In contrast, the 

factors for a low toughness material, Fig. 31, differ widely over the 

whole range of AK and R values, especially at high values, Forman's 

equation giving the highest values. The data obtained by Pearson for 

low toughness materials were consistent with his equation, while 

Forman's equation (28) was not suitable.
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A fuller attempt to take account of the material properties, 

has been made by Heald et ai, (147), 

(148) 

Basing their equation on one given 

by Weertman » they proposed the following modified equation 

da = Af AK’ ihe wescenaeeun(ol) 
aN 0,°(Ke*-K°max) 

where A is a constant, n lies between 0.5 to 1 and Ke is the fracture 

toughness of the component. Besides predicting an effect of Kmax, 

where K max approaches Ke, tiie expression describes an effect of 

microstructure, principally through the parameter Ke, Heald et an, (147) 

showed that the fatigue crack growth results obtained from heate 

treating a 1.0 percent carbon steel to different micro~structures were 

in good agreement with the equation (31). 

Roberts and Brdogan(149) analysed the results of Broek and 

Seni jve(142) on 2024-16 aluminium sheet specimens in tension and some 

of their own results on 2024-7, in bending and showed that the 

dependency of crack growth rate on mean stress and AK can be satis- 

factorily represented by an equation of the form 

& = B  (Kmax)™ ( ak)" Ree aaa (52). 

where B is constant. The values of m and n were both found to be 2. 

Klensil and Tukas (150) reviewed evidence suggesting the 

existence of a threshold value of AK below which cracks will not 

propagate, and modified the Paris's equation to take 4K, into account 

i.e. 

da n n ay 7 C( Aka" - 4x, ascuice (5) 

  

where AKth is related to AXa by the equation 

Sao: AK eecaeeess (34) AXKth = AKthb 

where AKth = threshold stress intensity following the stress 

intensity of AKa 

Akthd = basic threshold value of stress intensity factor
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independent of the strength of the material. 

a= material constant dependent on strength 

(151) have also found evidence of threshold Cooke and Beavers 

stress intensities in five medium carbon steels and concluded that 

AKth depends on load ratio Ro Prior loading could also be 

responsible for the existence of threshold AK values as found by 

Donahue et at (152) and Klensil and Lukas (150)« 

Finally, to provide an equation’ which predicts fatigue 

crack propagation from very small values of AK to impending unstable 

failure, a combination of equations (41 and 33) have been suggested 

by Richards and Linaley'293) in the form 
n 

7.\4 - {(aKk = AK =a fec=aiey sopsseeees a (59) 2 (Keen? 
°, max) el

s 

where AKo is the threshold stress intensity value and A' is a constant. 

The equation (35) represents an attempt to extend the prediction of 

fatigue crack propagation rates to extreme cyclic stress intensity 

regimes o> 

The complete relationship between fatigue crack growth rate 

and stress intensity factor, schematically plotted on logarithmic 

co-ordinates has been shown to be sigmoidal, consisting of three 

regions, Fig. 32, While most of the crack propagation laws is 

applicable to the linear middle portion of the sigmoidal curve, the 

rest of the curve is sensibly covered by incorporating the threshold 

stress intensity factor ( AKth) at very low values of AK and Ke term 

for very high values of AK close to catastrophic failure.
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FIG. 27, Crack extension in one load cycle by dislocation movements on two 
different sets of crystallographic planes (After Ref: 109) 
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Fig. 32. Schomatte illustration of the typteal sig= moidal erack-growth-rato curve for structural al« loys as plotted on logarithmie coordinates 
(After Crooker (45) 

LO
G 

FA
TI
GU
E 

CR
AC
K 

GR
OW
TH
 

RA
TE
, 

¢a
za
n 

    
   

   

1 
' 
| 
t 
I 
! 
| 
\ 
| 
' 
! 
' 
' 
1 
| 
} 
! REGION Ik REGION 3+ NON-Propacar. RAPIO ING FATIGUE JUNSTABLE 

SERSES REGION 2+ Ieee 
| POWER - LAW 
| RELATIONSHIP PERMITS | 
FATIGUE LIFE 

I cavcuvations ' 
| te   

  

  LOG STRESS-INTENSITY FACTOR RANGE, 4k 
 



62 

ENTAL DSTAILS 

  

8. 

  

8.1 OBJECIIVES WITH AN OUPLINS OF EXPSRIMGTAL WORK 

It has been stated in the introduction of the review that there 

is a general lack of data on the fracture toughness and fatigue proper- 

ties of sintered components, which are, by definition and nature, 

heterogeneous. So an attempt has been made to extract some data to 

evaluate their fracture toughness, fatigue crack initiation and pro- 

pagation characteristics by applying the concepts developed for homo= 

geneous continuum material models. 

The experimental work had been designed primarily to study the 

influence of sintered densities, % dilution, ete. on toughness and 

fatigue resistance using the concept of Linear Blastic Fracture 

Mechanics (1.8.!.M.). In this way, the major factors affecting the 

growth of cracks or defects in sintered materials could be quantita- 

tively described so as to provide meaningful engincering design datas 

In conjunction with this work, investigations had also been directed 

towards the understanding ef some of the mechanisms involved in 

fatigue and fatigue crack extension, 

In order to simplify the experimental observations, and the inter= 

pretation of the data, rectangular cross-sectional specimens with 

single edge notches (S.E.N) had been usede 

6.2 POWDER MATERTALS 

The basic maraging steel material, in the as-received condition, 

was in the form of pre-alloyed atomised powder, -60 mesh size, supplied 

in two evades W127 and W119, the main difference beins in the Ti content,
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The other material, Ancoloy SA (H8gantls) was also in the form of pre~ 

alloyed powder made from sponge iron to which the finely divided alloy- 

ing elements had been diffusion bonded. 

The maraging steel powder, grade W127 (high Ti), had been diluted 

with iron powder of grade ASC,100.29 (H8gentis) which is extremely pure 

with very high compressibility. The chemical compositions of (a) 

maraging steel powder of grade W127 (high Ti), (i) in the as-received 

condition, (ii) after compaction, sintering and final heat treatment, 

and (iii) after 2575 and 50% dilution with pure iron powder are given 

below, Also given below are the compositions of (bv) low Ti maraging 

steel powder, grade W119 and of (c) Ancology SA.



  

(a) Powder 
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Compositions (Wt 7%) 

  

In as-received 
condition 

After compaction 
and sintering 

* 
After dilution with iron 

Powder (1.P) 
  

  

ax 

B 

Ca 

Si 

2g 

Cr 

Mn 

Hy 

! oa
 

° ° ep °o
 

i ~ 18.30 

= 0.008 

- 0,017 

- 0,015 

- 0,002 

- 0,020 

- 0,070 

= 0,015 

0010 

- 0.05 

loss 

(1150°c) 0.02 

Fe - Balance   

0.02 

17230 

8.17 

6.14 

1.20 

0.18 

0.018 

0,001 

0.11 

C,018 

0.08 

0.03 

Balance 

with 25% I.P. with 50% I.P. 

0.015 0.01 

12.975 8.65 

6.1275 4.085 

4.605 3.07 

0.90 0.60 

0.1355 0.09 

0.0135 0,009 

0.0825 0.055 

0.0135 0.009 

0.06 0.04 

0.0225 0.015 

Balance Balance     
  

* Estimated composition, after dilution, compaction, sintering and 

heat-treatment. 

 



  

(bv) Powder Grade Code W11 

(Low Ti Grade) 

(c) Ancoloy SA 
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Cc - 0,02 

Ni ~ 17.60 

Co- 8.90 

Mo - 4,60 

Ti - 0.01 

S - 0,018 

Si - 0,010 

P = 0,014 

~ In as-received condition only. 

  

In as-received 
condition (i) 

After compacting 
and sintering (ii) 

After (ii) + quenching 
and Tempering 

  

Cu - 1.50 

Ni - 1.75 

Mo - 0.50 

c - 0,01 

SiO. - 0.16 

H,-loss - 0.10 

Fe - Balance   

1.42 

1.64 

0055 

0.65 

0.20 

Balance   

1.43 

1,66 

0.56 

0.79 

0.20 

Balance 
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8.3 SPECIMM PRUPARATION - COMPACTION, CALIBRATION 

As recommended by the supplier, H8gands of Sweden, 0.60; graphite 

+ 0.65j5 Zn Stearate had been added to ANCOLOY SA powder, which was 

then mixed in a rotary drum for 25 minutes. ‘wo lots of the admixed 

powder had been compacted using a specially designed die-system, Fig.33, 

to pressures ranging from 398 to 598 MN/n? to achieve green densities 

of 6.7 and 7.0 Me/m?. : 

A fixed amount of maraging steel powder, grade W127, had been 

compacted at pressures A e and P, (let us call this M,). Then two 

lots of maraging steel powder, grade W127 had been mixed with 256 

and 50/6 HBgan4is iron powder (grade ASC.100.29) in a rotary drum for 

25 minutes. We call these My and i, xespectively. The same amount, 

as in My of diluted maraging steel powder was then compacted using 

the same set of pressures b, 2 and b, to yield densities, dys a5 

ae and ans dg and ay for My and BA respectively, 

where (ay Ag, Jy) < (Ags as, dg) <(a. 1 Of ag), Fig. 34. 

Then corresponding to the three fixed green density levels of 

h,RLR 
ic and @,, compaction pressures,were read out for each of the 1? Fos 3 
materials compacted, namely My (maraging steel powder compacts only), 

M, (M.S.P. + 2576 iron powder compacts) and uM; (M.S.P. + 50% iron 

powder compacts). This method yielded more or less the same green 

densities when compacted at the pre~selected or calibrated pressures, 

Ceo t=
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Green Densi Compaction Pressures Compacted Materials 

(5.8 Hg/m”) Py My 

PS My 

PS My 

#641 Me/m) %, Mi, 

PS My 

¥ 
Ps(God Me/m?) x ; Ny 

Pe My 

eo
 

a 

or re-written as following, yields : 

  

Compacted Materials Green Densities Compacted Pressures 

a bz 5 

Pe Fe 

°s *9 
% Ls D 

Pr ¥5 
P; Pp 

Ms EY a. 
% Ey 

iz: aT 

8.4 TEST SPECIMENS 

These were of the single~edge-notched (S.z.N.) type for use in 

three point bending and machined and notched to the average dimensions, 

Fig. 35, after treatments as detailed in section 8.5.
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The maraging steel powder compacts (with Ti~ 1.055) and diluted | 

ones had been designed to the following matrix : 

  

Die ome 

Noy My 2 Ms 

I 1. M. Vie ema       

where M, = maraging steel powder compacts (Ti ~ 1,055) 

My = My + 2593 pure iron powder compacts, 

es = My + 50%6 pure iron powder compacts, 

and where, second subscripts refer to the three levels of sintered 

(and final) densities. The specimens in N59 Moz a and M35 of the 

natrix had noon fenth ieee ( a ) ratio = 0.1, and those in the rest 

of the matrix and specimens with low Ti had a/W = 0.3, with the nominal 

range of notch root radii from 0.127 to 0.762 mm, Ancoloy SA compacts, 

sintered, and sintered-quenched- tempered ones were made in two levels 

of densities with = = 0.3, and notch root radii of 0.127 mm. Fracture 

toughness tests had been made on all types of compacts, and also crack 

initiation and propagation studies had been carried out on all types 

of compacts, except on those made from Ancoloy SA compacts. 

8.5 TREATMENT OF SPECIMENS 

The green maraging steel compact specimens had been sintered at 

1300°c for 3 hours in a vacuum furnace and cooled in the same furnace. 

The specimens were then annealed at 615°C for an hour per 25.4 mmo 

(1.0 inch) of thickness, in 90/10 N,/H, atmosphere, followed by 

cooling at one end of the annealing furnace using the same atmosphere. 

After annealing, the specimens were machined to a tolerance of 

nee 
+ 0.025 mm (t 0.001 2n€)) on the major dimensions and notched to
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dimensions, as shown in Fig. %. The specimens were finally aged at 

485°C for 3 hours in 90/10 NA /y atmosphere. 

The green Ancoloy SA (ASA for short) compacts were sintered at 

1120°c for an hour using the mixed gas of 90/10 n,/i, as the furnace 

atmosphere, and cooled at one end of the furnace with the same atmos= 

phere. The specimens, after sintering, were machined and notched, 

Fig. 35, and then austenitized at 850°C for 30 minutes, quenched in 

oil, and finally tempered at 175°C for an hour in air. The compact 

specimens needed surface grinding to the extent of about 0,025 mm, 

to remove fine surface scales. 

TURE 39 TESTING 

  

8.6    

Single-edse-notch (S.5.N.) bend specimens loaded in 3-point 

bending were used for determination of fracture toughness. Tests 

were done on a 50KN-capacity Instron machine operating at a constant 

rate of 0.02 em/min, (cross-head sneed). Method of mounting clip-in 

displacement gauge is shown in Fig. 36. Four 350 ohm strain gauges 

were connected in a Wheatstone Bridge balanced circuit and excited 

by a C., transducer amplifier unit. 
52 

The amplified response from the clip gauge together with the 

load signal from the Instron load cell, was fed into a Bryan's X = Y 

plotter. location of the clip gauge across the notch was by means of 

attachable knife edges positioned accurately with the help of a 

spacer blade. 

Bend specimens were tested on an adjustable bend jig. Overall 

span to specimen width ratio of 4:1 was used, as recommended by 

B.1.5.R.A. 15),



70 

To produce a suitable starting crack for a toushness test, 

each specimen notch had to be extended by fatiguing, Fatisue pre- 

eracking was done on an Amsler Vibrophore fatigue machine using a 

2 ton dynamometer, Fig. 37. The final length of the fatigue crack 

had been generally maintained between the a/\/ ratios of 0.45 and 

0.55, as recommended by 3.8.1, (155), The figure of 0.0005E suggested 

by B.T.8.2.A. 257) as an estimate of the fatigue crack propagation 

stress intensity range was not found aaierantory for the sintered 

specimens and it was necessary to exceed this value (158), 

Fatigue pre-cracking was followed with the help of a low power 

Dinocular microscope, and the final 1.25 mm, (0.050 in.) of erack 

growth was estimated from graduations made at an interval of 0.50 m, 

(0,020 in.) on the surface of the specimens. The last 1.25 mm, of 

erack extension was always made to take place over at least 50,000 

cycles, according to the A.S.T.M. recommended Braatiaa(e). 

A load/opening displacement record was obtained from each test 

from the Bryan's X - Y plotter attached to the Instron machine. 

The critical load was determined from the load/displacement record 

using the 5{ offset procedure, recommended by B.g.1,(156), Fig. 38. 

All tests were carried out at least in duplicate, and whenever 

possible, in triplicate.
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8.7 CALCU    ) N_OF KQ 

The provisional value of Kig i.e. KQ, was calculated from FQ, 
rm 

Fig. 38, using the following relationsip 155) 3 

y M2. 3.07 (8) 7? <p
 3PQ.L Kg = 1.93 ¢ 

py 3/2 [2.95 

~ 14.53 (8 251 (8) V2 
= + 25.80 (= Sib sieewesseseesios: (535A) 

  

(where L = 2W = s ) 

which can be written as 

Kg = 138 
Bw ~ 

seccccccccccescccccesececes (353) 

where P is the load 

Bis the specimen thickness 

Wis the specimen width 

ais the crack length 

S is the span between supports 

and where the values of Y for specific values of a ave given in tables 

for different types of specimen and loading conditions. 

8.8 CRACK GROWTH MBASUREINT 

Apart from direct observation of the specimen surface, various 

other means of monitoring the initiation, growth and instability of 

(159,160) | 
eracks, have been developed and these are summarized in Table II



METHOD 

  

vie 

TABLE IT 

CRACK GROWTH MGAS 

USAGE 

  

T TECHNIQUES 

ADVANTAGES 

  

DISADVANTA 

  

  

  

  

Microscopy Sheet and plate Cheap. Difficulty of 
techniques test-pieces, Easy instal- erack tip.loc- 

Photogravhy lation. ation without 

sometimes used stroboscopic 
light. Only 
surface measure- 
nents possible 
during test. 
Difficult to 

automate. 

Mechanical Rotating bend Use of Restricted to 

methods test pieces. compliance tests where 
Sheet, plate, change compliance 
and others which can ealibration 
dependins on be measured (relationship 

displacement externally between specimen 
gauge used away from stiffness and 

specimen, erack lensth) 
is know, 

Acoustic Applicable to Very small Errors due to 
methods most es of probe back-ground 

test-piece required, noise and 
can be calibration 

mounted is difficult 
easily; use- 
ful in low- 
and high= 
temperature 
tests, 

Blectrical Continuity Electrical Difficulty of 
techniques gauges signal gives connecting wire 

usually used 
on sheet and 
plate samples, 

could be used 
for surface 
measurements 
on other test- 
pieces 

easy auto= 
mation. 

and foil ganses. 

Gauges must 
break when crack 
passes. Only 
surface measure= 
ment. 

 



Eddy currents 

13 

Used on sur- 
face crack 
monitoring 
of sheet test= 
pieces; others 
should be 
possible, 

Easily adapted 

to automatic 
process. 
Small probe 
which is 
not in con- 
tact with 
test-piece. 

Not yet used on 
thicker samples, 
may only be use=- 
ful for surface 
measurenent. 
Expensive. 

  

  

Electrical Used on sheet Easily adapted Problems of 
resistance and plate to automatic insulating the 

or potential test-pieces process, Only  test-piece.. 
measurement four leads Initial cali- 

attached to bration problem 
specimen, there- thousht to be 
fore ideally overcome. 
suited for 
high- or low~ 
temperature 
tests 

Ultrasonics Ideally Easily adapted Expensive com- 
suited to to automatic pared to other 
compact fracture 
toughness test- 

pieces. 

process. Inter- 
nal measure- 
ment of crack 
front. 

techniques. 
Measurement 
restricted to 
thicker type 
test-pieces, 

  

In fatigue testing, it is required to measure the length of the 

crack with respect to the number of cycles so that data could be 

analysed by Fracture Mechanics, and the selection of any of the 

techniques mentioned must take account of its accuracy, speed of opera- 

tion, reproducibility, cost, probability of automation, ease of 

application, whether continuous and flexible enough to apply to most 

standard test geometries and environments includins tests at low 

(~- 100°c) and high ( ~500°C) temperatures, Since the electrical 

potential method seemed to satisfy all the requirements desired, it 

was adopted as the crack monitoring device used in this investisation.
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Thoush first used by Barnett and roiano(?61) in 1957 in fracture 

research studies, the electrical potential drop (p.d.) technique had 

been reported in detail in 1966 by Gilbey and Poarson'162) , 

The basis of the p.d. method is that in a current carrying body, 

there will be a disturbance in the potential field about any discon- 

tinuity in that body. For the purpose of monitoring crack growth, the 

method thus entails passing a stabilized current throush a cracked 

test=piece under load, and measuring the’electrical potential 

difference across the crack. As this crack extends, the uncracked 

cross-sectional area of the test-piece decreases, its electrical 

resistance increases, and the potential difference between two points 

on either side of the crack rises. By monitoring this potential 

inerease (Va) and comparing it with that across a unit length measured 

elsewhere on the unoracked test-piece (Vo), preferably in a region 

which is not affected by crack growth, the crack length (a) may be 

deduced from graphs relating Va/VoW to a/il, where W is the width of 

the specimen. A set of typical graphs of Va/VoW versus a/\ is show in 

Fig. 39 with the location of potential lead in the specimen, Fig.39A. 

The sensitivity of the ped. technique can be changed by different 

mode and amount of current application, the positioning of potential 

measuring points and their distance of separation. The sensitivity 

also depends on the instruments used to measure the notentials which 

are usually of micro-volt range. Possible sources of inaccuracy in the 

data resulting from using the p.d. technique can be stated as : 

a) Instability of constant current power supply. 

v) Error from thermo-electric B.M.F.s,. generated due to dissimilar 

metals being connected between potential leads and the specimen. 

ec) Temperature veriation in the specimen or in the testing environ= 

nente
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a) Inefficient insulation of specimen and earthing. 

e) Drift of amplifying system. 

By passing a current of 15 amps through the specimen, the 

sensitivity of monitoring crack advance by the p.d. technique was of 

the order of 0,005 W, i.e. about 0.12 mn., which compared favourably 

with Ritcniets 164) and Pigtrski's(144) figures. In the present 

investigation, a highly stabilized Farnell constant power source of 

maximum 50 amps. capacity was used. A current of 15 amps. was passed 

to the specimen through cleaned and polished copper strips screwed at 

the ends of the specimens, thus minimising or eliminating errors due to 

instability of the p.d. measurements. The potential leads used were 

nichrome wires ('Brightray GY), 0.193 mm. in diameter spot welded to 

the specimen, The potential drop was measured by a Rikadenki D.C. 

micro-voltmeter which gave a 100 pV full-scale deflection. As the 

potential drop exceeded 100 pV with the growth of the crack, a back- 

off voltage, supplied from a potentiometer, was used to maintain the 

full-scale deflections. A schematic diagram of the potential drop 

method is shown in Fig. 40. The output from the voltmeter was recorded 

on a Kent Chart Recorder in order to obtain a permanent record of the 

voltage reading, From the knowledge of the cycling frequency of the 

fatigue test, the time axis was converted to the number of cycles 

elapsed. 

8.9 POTENTIAL DROP CALIBRATION 

The current leads were connected to the specimen via copper strips 

serewed to the ends of the specimen to reduce contact resistance. The 

Pede, Va, was measured across the notch by using nichrome wire leads 

spot welded at x = 0 (Gass erack length = o) for maximum sensitivity,
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and at y = 0.05W on either side of the notch centre-line. The 

uncracked potential gradient Vo was measured on the specimen surface 

using a lead spacing of about 5 mm, Fig. 394; the reading obtained of 

Vo was then multiplied by a factor to get VoW, so that the final lead 

spacing was equivalent to unit length of specimen width, W. This 

yielded sreater accuracy in VoW, instead of measuring Vo simply across 

specimen width W, 

Electrical insulations of the specimen and screening of leads 

from the specimen to the D.C. microvoltmeter were found necessary to 

prevent the pick-up of extraneous electrical signals, The specimen 

was insulated from the three contact loading areas by using paxolin 

sheet. 

Constant current was passed throush the specimen for about 2 hours 

before any readings were taken. Fefore settling down to a constant 

value, the p.d. across the notch dropped by about 20 to 40 pV., and 

once stabilised the monitored voltage remained stable within + 0.25 pV. 

Variation in laboratory temperature or closeness to electric lamp was 

found to affect the voltage reading. So utmost care was taken to 

minimise errors from these sources. 

The fatigue crack was allowed to grow after the initiation event; 

however, the growth (for two different sets of specimens, one set with 

notch depth = 0.3W and the other with notch depth = 0.1¥) was stopped 

at an interval of about 200 pV. potential drop (Va) reading; the 

specimens were then broken open by partially sawing through from the 

side opposite to the notch and fracturing the remaining ligament at 

liquid Vy, 
2 

was optically measured at several points (15 to 20) anda the average 

temperature, Fig. 41. The crack length on the fatigue zone 

length was taken, corresponding to the particular potential drop read= 

ing. The values of a/W corresponding to different values of ey
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were then plotted, Fig. 42. Standard 1900 fortran language (applica- 

tion programme UAO1) was used to fit 5th. order polynomials through 

the plotted points. ‘The values of a/W corresponding to 2 were then 

tabulated at intervals of 0,001, for notch depths of 0.3W and 0.1W, 

and for locations of potential leads as indicated in Fig. 39A. The 

equations of the calibrated curve at x = 0, y = + 0.05W is described 

by the following polynominal : 

5 afl = Co +O, x1 + 0,x7 +0, 2 +0, x44 0, x 

where X = Va/VoW 

and (for notch depth = 0.31) (for notch depth = 0,1") 

Co = 0.37923 Co = -0.038728 

CG, = 1,08720 C) = 0.39111 

Cy = 0.18724 CG, = 0.53961 

Cy = -0.86128 Cy = ~0,84611 

C, = 0.51272 Ch = 0.44153 

o, = ~0,097861 Cy = 0083686 

In Fig. 42 is also shown the theoretical calibration curve derived 

by Gilbey and Pearson’ 162) using the electrical potential method, for 

comparison. From this figure, it could be seen that calibration 

through separate notch lengths produce a distinctly separate curve 

from that for a crack only. For a particular notch depth, the fatigue 

erack, once initiated, extends from the notch and approaches the crack 

only curve and finally merges with Gilbey and Pearson's theoretical 

curve for the same positioning of potential leads in the specimen. 

The reduction in initial slope of the curves (a) and (b), Fig. 42, 

also means that the potential drop method is less sensitive in measuring 

short growth of a crack from a notch than for measuring the subsequent 

inerease in length of a crack alone.
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Gilbey and ee) have found the results obtained with p.d. 

technique in very good asreement with optical measurements of the crack 

on the specimens surface and were within the accuracy of the optical 

method, which wes taken as 0.13 mm (~ 0.005"). 

The essential difference between visual method and potential 

drop technique is that the former gives only the surface crack length, 

whereas the latter measures the average crack length of a bowed crack 

front, bowing being more pronounced at short crack lengths. Taking 

into account this aspect of crack front bowing makes the potential 

drop technique more reliable; it is also capable of detecting the 

erack initiation event lons before the crack is visible on the surface, 

  

8.10 TH RATS CALCULATION 

The fatigue growth rate had been calculated by using the method 

of finite differences, This involved using the ratio of finite 

differences in crack lengths to the mumber of cycles, i.e. 

a eee on at a= (a jf 2.) euemwodetjese (50) 
aN ¥ =, os n 

nth n 

For an acceptable low level of scatter in the crack growth rate, 

the intervals between the crack length measurements, i.e. (a, eer a.) 

were taken to be sufficiently large, i.e. about 0.5 mm. The raw data 

from the fatigue tests were processed using a simple computer programme 

so that the input of potential drop, number of cycles, load amplitude, 

specimen dimensions etc,, resulted in the output of crack growth rate, 

and AK, the stress intensity factor range. No plastic zone correction 

  

was made. 

Other method of measuring crack growth rate involves different- 

jiating 'a Vs N' curve (i.e. erack length Vs. number of cycles) or
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graphically drawing tangents to the curve at various points. This 

method tends to be laborious and can be inaccurate at low and high 

crack growth rates. Difficulties in fitting polynomials to the a - N 
a 

data, have also been reported by Davies and Feaderson'265), 

8.11 PBA 

  

3 CRACK INITIATION   

Crack initiation studies were carried out on maraging and diluted 

maraging steel powder-compact specimens having notch root radii of 

0.127 mm. and 0.762 mm., and having se different density levels. 

The notch root radii were measured individually; they were viewed at 

X100 magnification on the screen of a Vicker's projection microscope. 

The magnified radii of the image was then measured by a specially 

prepared transparent sheet bearing concentric semicircles with radii 

ranging from 5 to 60 mm. in 5 mm. increments. In view of the fact 

that the notch roots tended not to be of constant radius around their 

circumference, the smallest radius in each case was located and 

measured; this method was repeated for the other side of the notch. 

The accuracy of machining notch root radii was found to be within 

+ 0,02 mn, (~ 0,001"). 

The initiation load (for 3-point loading in compression) was 

calculated using the following equation, 

Ey Tm Ogross = Mey Sees, GP sescsedecsecsscsccecess(37) 

Kee I BW 

whence e = oy see eoeeece edlgeeeewcet (5) 

  

maXe 
x® 6
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where Kt® = gross stress concentration factor calculated using a 

computer programme on the basis of Neuber's equations(127s Appendix-I) 

7: Wo y2 
aK ott ° G ae 

PL 
2 

and M 

yw 
2 

Ls aw 

I = BW 
i2 

hac
] u Poy 7 AP (when Pia = 0) 

Ne 

wy 1 thickness of specimen 

‘=
 " width of specimen 

Ww nett width of specimen. 

Knowing Py, the yield strength of the materials, Kt®, B and W, 

pees or AP, the load amplitude, was calculated. For each set of 

specimens, there were two different types of notch root radii, 0.127 

and 0.762 mm.3; for each type of root radius, the initiation tests 

were carried out on specimens €3 in number, using varying load 

amplitudes, based, of course, on the calculated one. The overall 

stress range used for the initiation tests was from 43.4 Mt/m? to 

237.6 IMN/n? and tests were done on an Amsler Vibrophore fatigue 

testing machine using a fixed frequency of 130 to 140 hz depending on 

the nature of the materials. 

The point of initiation was detected by using the electrical 

potential drop technique. The actual point of initiation was taken 

to be the number of cycles at which the initial potential drop across 

the notch had first shown a definite increase on the chert recorders
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8.12 CONSTANT LOAD FATIGUE TESTS 

In order to generate a wide range of AK values over the range of 

crack lengths for which compliance function was available, a suitable 

load range was selected for both low and high AK values, After initi- 

ation of the fatigue crack from the notch at relatively high load as 

indicated in section 7.11, the test load was applied. The constant 

amplitude test load for low and high AK values ranged from (1.44 

1.2) to (2.2 + 2.0) KN for the sintered specimens of density level 1, 

from (165 + 103) to (2.6 + 2.4) KN for density level 2, and from (1.8 

41.6) to (3.0 + 2.8) KN for density level 3 at a stress ratio of R 

~ 0.07. The constant load amplitude for test at the higher stress 

ratio of R = 0.3 was 506 KN ise. (502 + 208) KN. The crack growth 

measurement was started at about 0.35 W (for specimens with notch depth 

= 0.3 W) and 0.15 W (for specimens with notch depth = 0.1 W) using the 

potential drop equipment. With Amsler Vibrophore fatigue testing 

machine, it was found that the constant load amplitude could be main- 

tained to a maximum crack length of about 0.65 W. 

813 MECHANICAL TESTING 

Tensile tests were carried out on No. 12 Hounsfield test pieces 

machined from the fractured half of toughness testing specimens. A 

Hounsfield tensometer fitted with a 2=ton beam and split collets was 

used for this purpose. Meaningful results for % reduction in area and 

elongations were not expected from these small tensile specimens, For 

accuracy and consistency, all the tests were duplicated and in some 

cases, triplicated. Hardness measurements were made on samples 

representative of each series. To avoid unreliable results due to 

porosity, Brinell hardness tester was used with a 10 mm, ball indenter 

and a load of 1000 Kef. Each result quoted is the mean of 10 hardness 

readingse
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The metallographic specimens were impregnated with a combination 

of araldite/hardener (10:1) under low vacuum, left overnight for curing 

or setting, and normal metallosraphic techniques used in hot mounting 

and polishing. Impregnation with araldite/hardener mixture helped in 

preventing fine debris being lodged inside the pores on the polished 

specimen surface. 2); Nital was used for etching ancoloy S.A. compact 

specimens, and a special reagent, 3 HC1 3 picral in alcohol, was used 

for etching maraging and diluted maraging steel compact specimens, 

  

Ordinary Vickers projection microscope had been used for obtaining 

photographs of the microstructures, and in some special cases, Reichert 

  

projection microscope had been used. 

8.14.2 SCANNING BLNCTRON MIGROFRACTOGRAPH   

Fractographic survey on fractured surfaces was made on a Cambridge 

Scanning Electron Microscope (S.5.M.). The S.E.M. technique can be 

used for direct viewing of the fractured surface. In this, a finely 

focussed beam of electrons is made to scan the specimen surface and 

causes emission of secondary and back scattered electrons which are 

picked up by 2a detector, This signal is amplified and displayed on a 

cathode-ray tube as an image of the specimen surface, Contrast in the 

image is dependent on the nature and topography of the surface. 

For use in S.U.M., the specimens were prepared by cutting to a 

depth of 3.5 ma. (about 1/8") parallel to the fractured face, and 

mounting on a special flat stud for insertion into the specimen chamber,
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   ANALYSIS AND 3 8.14.3 ROM MICROSCOPY 

  

A Cambridge Microscan 5 X-ray Microanalyser was used to identify 

the discrete phases present in the sintered compact materials, and to 

get an idea of the extent of diffusion into the matrix. With this 

equipment, quantitative analysis of small volumes (~ 1.0 p) can be 

obtained by comparison of the x-ray intensity of a given element in 

the sample with that of a pure standards 

A Transmission Electron Microscope, made in Japan (sZ0L 100 3) 

was also used to study the fractured surface. The surface was dipped 

in acetone, then covered with Bex-film {cellulose tri-acetate) which 

was stripped dry carefully; carbon was evaporated on the replica 

followed be shadowing with gold-palladium, 

Extraction replicas, first introduced by Fisher( 166) had proved 

particularly useful for inclusion identification and for studying 

their size distributions, morphology, and structure. For obtaining 

a reasonable extraction replica, it was necessary to etch or electro= 

polish away the matrix in order to free the inclusions with a solution 

of (90/10) acetic acid glacial/Perchloric acid. 

After evaporating carbon, the extraction carbon replica was then 

released from specimen by etching with a solution a 10} HC1/methanol. 

The main drawback with the extraction replica technique is that 

extraction may modify the particles, In case of coherent or semi- 

coherent precipitates, coherency is lost by extraction. Moreover, 

extraction replicas tend to give an exaggerated idea of the volume 

fraction of particles in a sample, but it may sive some idea of their 

location, for example, at grain boundaries.



  

8.14.4. DITATT 

  

To study the influence of distribution and number of pores on the 

mechanical properties of the sintered materials, the quantitative image 

analysing system, Quantimet 720 was used. Samples parallel with the 

plane of fracture were taken from the fractured half of the toughness 

specimens. After normal grinding and diamond polishing they were 

etched with 5/5 Nital to remove naterials that might have flowed plasti- 

cally into the pores during grinding. To remove all traces of etching 

and to represent a true section through the specimens, they were then 

repolished. 

fo obtain the area fraction value, which is the same as volume 

fraction, the actual area occupied by the pores and inclusions in 250 

fields of view were measured and the result was a simple percentage of 

the area of pores and inclusions over the area examined in 250 fields 

which is 2.87 sq. mm, in fields of 0.0115 sq. mm The optical magnifi- 

cation used was 315X, which on projection through the QTM 720 became 

finally 1300X,
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9. RESULTS 

9.1 MECHANICAL PROPERTIES, Etc. 

Investigations of the mechanical properties, crack initiation 

and propagation characteristics had been carried out in the sintered 

maraging and diluted maraging steel powder compacts, but only the 

mechanical properties had been studied in Ancoloy SA compacts in the 

sintered, and sintered-quenched-tempered’ conditions. 

The test results of the various mechanical properties, etc. 

studied are given in Table III, Fracture Toughness Validity test 

results are shown in Table IV. 

The effect of % porosity on yield stress ( Oys) and fracture 

toughness (kK. is shown in Fig. 43. It is very clear from this 10) 
figure that the porosity content has a significant effect on yield 

stress and fracture toughness. Reduction in porosity below ~13% 

causes a marked rise in yield stress, while increase in porosity 

above ~13% causes a drop in yield stress, though the rise or drop in 

yield stress values in the case of material se (maraging steel compacts 

diluted with 50% iron powder) is somewhat sluggish. There is, 

however, a significant rise in fracture toughness with reduction in 

% porosity. In the case of material Mey the gain in fracture tough- 

naa with the loss of porosity is remarkable. 

In Fig. 44 has been shown the relationship between the fracture 

toughness (Ky) and yield stress ( Sys) for the three types of 

sintered steels investigated. In the case of material My (maraging 

steel compacts) though the toughness increases with yield stress, 

there is a tendency for drop in the toughness values at higher yield 

stress, while with the material M,, the sharp increase in toughness 3? 

values yields only a small increase in yield stress, The material
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My (m, diluted with 25% iron powder), however, shows a remarkable 

balance between increase in toughness and yield stress valueso 

Fig. 45 shows the elastic modulus (By) as a function of % 

porosity. ‘The elastic modulus has been calculated by using the 

Nesdam's (46) equation given by 

Ey = ag(l-e )>04 x 10° psic 

where Ey = elastic modulus of sintered steel, and 

e= fractional porosity. 

9.2 PORE DISTRIBUTION 

Table V shows the number and sizes of pores obtained by using 

the QIM 720 technique. The size distribution recorded was obtained 

by feature analysis, where the area of each 'pore' was considered 

individually and the number falling into each size category was 

recorded. The area parameter for each phase was chosen since the voids 

were of irregular shapes of random orientation, and particle diameter 

would not have given as true a measure of size distribution. 

An attempt had been made to measure the inclusion content of 

the specimens, but it failed due to the fact that the inclusions 

were predominantly fine oxides and had a similar reflectivity. to the 

‘pores', Consequently separate detection 'thresholds' for pores and 

inclusions could not be operated, and therefore, only one result was 

recorded combining the voids and inclusions, and termed as 'pores'. 

Treating the inclusions as pores should not be too tnacommarenet) 

since the particle/matrix interfacial strength is not particularly 

high. Moreover, it simplifies the analysis. 

In Fig. 46 is shown the distribution of 'pores' in some of the 

sintered materials investigated. Predominantly large number of
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‘pores' are in the size range of 3 - 8 pn. The nearest approxi- 

mation would be to consider that the majority of inclusions are in 

this size range, and that the majority of voids are in the size range 

of 100 - 200 pn’. The existence of the wide range of size and shape 

of voids is also supported by the use of the Scanning Electron 

Microscope. 

9.3 INITIATION RESULTS 

In Table VI is shown all the relevant data relating to initia- 

tion studies for sintered and heat treated My Mys x and LIM 

compacts. In Fig. 47 is plotted Kt. AS (where Kt is the Neuber 

elastic stress concentration factor for the particular notch and AS 

is the range of nominal stress from zero to S maxe), against Ni (number 

of cycles for initiation) for the notch root radii of specimens Ms 

My» I at three density levels, also of specimens LIM, The same Ni 

has been plotted against AK/p2 as shown in Fig. 48. The initiation 

behaviour of the two plots follows the same pattern. The 'banding' 

effect of notch root radii om initiation behaviour stands out markedly 

clear. This effect persists even if all the initiation results are 

plotted together, as shown in Fig. 49 for Ni Vs. AK/p3. However, 

when the same Ni is plotted against AK, Fig. 50, as shown separately 

for compacts at different density levels, the banding effect of notch 

root radii gives way to broader scatter band. The banding effect 

practically vanishes if a plot of Ni Vs. AK is made of all the 

initiation results, Figo 51. 

Judging from the slopes of the plots in Figs. 47 and 48, higher 

the density, higher were the number of cycles for initiation for 

compacts Ms My and M. but for the same lower density dys M; 33
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compacts needed higher number of cycles for initiation than _ 

compacts, only reason for which might lie in the distribution, size 

and shape of the pores in the vicinity of the notch tip in these low 

density compacts. 

9.4 CRACK GROW?H RESULTS 

Constant load emplitude tests at constant mean load (load 

profile in Fig. 52) were carried out at a stress ratio R of (a) ~0.07 

for compacts Mas Mos as Mouse Moos Mozs aT? Moe ee L.T.M., and 

(b) 0.3 for compacts Mss Ms and Mae Crack propagation rates obtained 

by the method of finite differences have been plotted as a function 

of stress intensity ranges AK, Fig. 53 (a - k). 

For growth rates at R ~0.07, there is the characteristic change 

in slope from stage 1 to stage 2 in the growth curve, The transition 

occurs at 4K = 9-11 wy/n2/2 for R ~0.07. Growth rate curves for 

R = 0.3 also show a transition at a slight higher value of AK 

= 12 mi/a?/2, That is, at very low values of stress intensity factor 

and erack growth rate, a threshold for crack growth is approached for 

the types of sintered materials tested. The linear relationship 

obtained between log AK and log ga in stage 2 is as predicted by 

equation (27). The stage 3 is not clearly defined since the increase 

in gradient of the curve occurs at very high crack growths which are 

aiffioult to measure. 

It can be seen from table VII that the values of crack growth 

exponent m varies from 2.26 to 3.39 for compacts of My series, from 

2.87 to 4.38, for M, series and from 4.29 to 4.50 for compacts of M. 
2 3 

series. The corresponding values of the pre-exponent C varies from 

4.59 £0 10°>-to 91.83 x 10°, from 0.63 x 10° to 7.55 x 10° and 

from 0612 x 107? to 9.7 x 1077, when the growth rate is in nm/cycle 9
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3/2 
and stress intensity in MN/m e For compacts of L.T.M. series, 

the values of m obtained is 5.17 and of C is 0.27 x 107, 

TABLE VII 

THE VALUES OF m and C 

  

  

  

  

          
  

DENSITY LEVELS 

MATERTALS 1 2 3 
CODE 3 

n x10"? n x10" n cx107? 

My 2026 24.77 2.81 91.83 3039 4.59 

My 2.87 1.62 3.59 755 4038 0.63 

M, 4.50 0.97 4.29 0.47 4.50 0.012 

m cxi0~> 
LIM 

5.17 0027           
The crack growth rate curves for Mo and M,, compact materials, 

21 

when the stress ratio R is ~0.07, are identical and nearly fall on 

the same scatter band, Fig. 54, the growth rate being 1.7 to 2.0 times 

faster than for My compact material, Fig. 53a over the range of AK 

considered (10 to 35 wn/n2/2), Similar pattern has been noted for ar 

and Myo materials, Fig. 55, the growth rate being 2.8 to 3.0 times 

faster than for M,, materials; the same thing also goes for M 
11 eo 

Mi? Meo and MS compact materials, Fig. 56, where the growth rates 

are about 6.7 to 7.0 times faster than for My material. For L.T.M.



90 

material, the growth rate, Fig. 53j, has been found to be about 10.7 

times faster than for My material. 

At higher stress ratio (R = 0.3) the growth rate curves for a? 

Mos and Me. materials are also identical and nearly fall on the same 

scatter band, the rate being 2.2 to 2.5 times faster than for Me 

and 6.0 to 6.2 times faster than for My compacts tested at the stress 

ratio of R ~0.07. 

The above observations show that the crack growth curves for My 

Mand M, materials fall on four distinctly separate scatter bands, 
3 

when the stress ratio R is ~0.07. At the higher stress ratio of 

R = 0.3 and only at the highest density of compacts tested, another 

separate scatter band for crack growth data has been found. The same * 

goes for the L.T.M. materials tested at R ~0.07, for which also a 

distinctly separate scatter band has been obtained, Though the values 

of m obtained are roughly indicative of this trend, it is the combin- 

ation of the values of m and of the pre-exponent C that determines 

the rates of crack growth in each of these materials. 

9.5 METALLOGRAPHIC OBSERVATIONS 

An examination of the etched specimen of My series in the sintered 

and fully heat-treated condition showed that the microstructure was 

essentially martensitic and massive in nature, Fig. 59, with pores 

more or less rounded in higher density compacts. Specimens of Mos 

a and LIM series showed the martensitic structures with fair amount 

of ferrite, Fig. 60, 61. Pores of different geometry were visible 

in the specimens, their shape and size depending on the density of 

the compacts. Higher the density, finer and more rounded the pores. 

In the sintered condition, the structure for My series of compacts was 

austenitic with well-defined grains and pores, Fig. 62.
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Microstructures of Ancoloy SA compacts showed ferrite and 

lamellar pearlite in the sintered condition, Fig. 63, and tempered 

martensite (troostite) in the quenched and tempered condition, 

Fig. 64 with random distribution of pores of different geometry, 

depending, as before, on the density of the compacts. 

Scaming Electron Microscope-image of the deeply etched micro- 

structures showed clearly the random orientations of the mastensitic 

plates in the M, series of compacts, Fig65o Some of the particles 
a 

revealed by longer etching with the special reagent of 3 HCl 3 

Picral in alcohol had been analysed to be some intermetallic compound 

of Ti , possibly Ti (C,N), Fig. 66. 

The distribution of the elements in the maraging C4, series) 

and diluted maraging (4, and My series) compacts was investigated by 

the electron probe microanalyser,. It was found that the elements 

were finely well-distributed except for Ti, Mo and Co, Fig. 67, 

which showed some segregation. 

Though mostly in clusters, two distinctly different types of 

inclusions had been observed in the unetched metallographic sections 

of Ms M, and M, series of compacts under unfiltered illumination in 
3 

the light microscope, Fig. 68, 69, 70. 

(a) Angular inclusions, usually square or hexagonal. ‘These 

appeared light pink or orange. 

(b) Elongated inclusions, appearing grey with a slight mauve 

or violet tinge. 

Electron microprobe analysis showed that type (a) inclusions 

contained Ti and sometimes some Zr in the centre. Type (b) inclusions 

contained Ti, S and some Zr, It might be that the angular pink-orange 

inclusions were carbonitrides, in agreement with the description of
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Ti (C,N) in the literature (168). Zirconium present in the centre of 

4 (C,N) might be in the form of Zirconia or Zirconium Carbonitride. 

It is possible that, by analogy with Titanium Oxide (168), the 

Zirconium Oxide is read, while Zirconium Carbonitride is of the same 

colour as Titanium Carbonitride. Accurate analysis of the inclusions 

was not possible in the Electron Microprobe Analyser, since the 

inclusions were smaller compared to the cross-section of the electron 

beam resulting in the interference signals from the matrix around the 

inclusions. The qualitative results obtained with the Microprobe 

Analyser were confirmed by using a 'KEVEX' Energy Dispersive X-ray 

iaiyece attached to the Stereoscan Electron Microscope> 

The crack path was closely studied and found to be mainly 

influenced by the alignment , distribution, and shape and size of the 

pores ahead of the crack tip. The presence of numerous inclusions, 

mainly intermetallic compounds of Ti, on the path of the cracks also 

influenced the rate and direction of crack growth, The crack paths 

were not straight as shown in Fig. 71, 72 in the unetched condition. 

In all the powdered compact specimens, the effects of the distribution 

and alignment of pores (D.A.P) on the crack path was so predominant 

that the favourable orientation effect of grain-boundary with respect 

to the direction of crack growth was difficult to assess, Also, the 

D.A.P. effects were clearly reflected in crack-forking, Fig. 73, - 

branching, Fig. 74, - arching, Fig. 75, island and pseudo-island 

formation, as shown in Fig. 76, 77. The extent of the D.A.P. effect 

could be gauged by observation of the crack tip, Fig. 78, where the 

erack tip seemed to lose its identity in the clusters of pores. 

The formation of island, and branch cracks was the most general 

features of the powder compacts, due mostly to the D.A.P. effect.
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These branch cracks were mainly inter-granular. The main branch of 

the crack seemed to be influenced by the presence of pores and 

inclusions in its path, whereas the branch cracks seemed to have been 

influenced by the presence of the pores, Fig. 79, 80. The extent of 

erack branching was such that it frequently caused the formation of 

islands in the crack path, Fig. 81. 

9.6 FRACTOGRAPHIC OBSERVATIONS 

The fractured surfaces of the compact specimens were closely 

investigated by the Steroscan Electron Microscope. The porous 

materials all had, more or less, a similar fracture surface with 

extensive plastic deformation and dimples, and some tendancy to grain- 

boundary separation. The micromechanism of fracture was the 

coalescence of the microvoids in which case the internal linking 

drew out the walls of the pre-existing voids until the linkage 

occurred, The micromechanism was of the ductile dimple type in every 

case, Fig. 82, and the presence of pores evidently decreased the 

tendency to brittle cleavage fractures 

There was found no significant difference between fatigue and 

fast fracture surfaces as is normally found in non-compact materials. 

Also, no striations were observed on the fracture surfaces; there 

was a definite trend of a particular type of cracking associated 

with a particular stress intensity level. 

Round particles found in the fracture surfaces were original 

powder-particles and least amenable to sinter-bonding, Fig. 83. The 

inclusions and the second-phase particles seemed to play a prominent 

role in the fracture process. In Fig. 84, the matrix did not adhere 

to the cubic Ti (C,N) inclusion which allowed the voids -to open early
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in the fracture process leading to tensile dimple rupture. Dimples 

shown in Fig. 82 were composed of more than two different sizes. 

The larger dimples probably formed at the Ti(C,N) particles, All of 

the dimples were probably caused by particles of some sort. Ti (c,N) 

particle shown in Fig. 85 triggering the formation of voids might 

have split before the void opened. 

Some larger pores, Fig. 86, opened up during the fracture 

process by intergranular cracking, besides containing some remnants 

of Ti (C,N) particles being fusion-bonded to the internal pore 

surfaces, bore evidence of thermal etching undergone due to sintering 

at high temperature for a long time. Decohesion of inclusions from 

the matrix was also observed. Fig. 87 shows an iron-rich particle 

decohesed from the matrix during the fatigue crack propagation. 

Fracture surfaces also revealed some deep branch cracks running along 

the grain-boundaries, Fig. 88. 

Transmission Electron Microscopy was also used in the study of 

the fracture surfaces. Thermal etching effects, left on the internal 

pore surfaces due to high temperature sintering had been revealed by 

Transmission Electron Microfractography. These fine markings should 

not be confused with striation markings which give an indication of 

micro crack growth rates. In Fig. 89 is shown a combination of big 

and small dimples and thermal etchings. 

Using the Extraction Replica Technique and the Transmission 

Electron Microscopy, the precipitates extracted from the fractured 

specimens and shown in Fig. 90 were identified to be Ni,(Al,Ti) and 

n- Al,0;6 Other precipitates were much smaller and could not be 

analysed due to their size being smaller than the cross-section of 

the electron-beam.
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Pig.35. Dimensions of Single-Edge-Notch Bend Test-Piece. 

and Diluted Marasing Steel Powder 
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Fig.41. Examples of the Fractured Halves of Sintered Specimens 

for deriving the Calibration Curves of Va/VoW Vs. a/W.
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TABLE TIT 

  

  

DENSITY LEVELS 4 o 3 

  

Final Density, Mg, a? 6.9 | 7.0 | Tei 

   (After sintering end Heat—reatnent)               

MATERTATS CODE iy (Maraging Steel Powder Compacts with high T;) 

  

Kggs bai/n?/? 26.2 129.6 |34.1 

U..S. (YS), MN/m? 842 | 899 11134 

ZE 2e5ul2e5 102-5 

% RA £05. 1055/51 <0.5 

Hardness, B.N.N. 250 | 292 | 368 

Porosity, 16.3 {13.7 [11.4 

Elastic Modulus @,)s N/m? 109 | 121 | 132           

NATERIALS CODE M, Ge, + 25% Iron Powier Compacts) 
  

  

  

Ky waif??? 2765 [30.4 |34.7 
Utes. (G5); MN/n? 642 | 770 | 966 

6B 3.5 208255 

6 RA «0.5 |«0.5 | 1.0 

Hardness, B.iI.N 483 | 205 | 270 

Porosity % 16.1 |12.9 | 9.8 

Plastic Modulus (8,.), GN/n" 410 | 125 | 144    



PAVE TT = © 

  

+ 505 Iron Powder     

  

  

Kyge tntfae/? , 29.1 | 32.0 |35.8 

U.T.S. MN/m? 521 | 562 | 639 

YS. (* 0.2 6 P.S.), mt fe 501 | 531%! 6o1* 

$B 3.0 | 3.0 | 5.0 

5 RA 0.5 | 0.5 | 1.0 

Hardness, B.H.N a 420 | 145 | 173 

Derose % Def 111.201 8.9 

Elastic Hedulus @): Gx/me 412 | 133 | 146       
  

(eraging steel Powder Coupacts with Low Und) 

  

  

Final Density, Me/m? 6.6 

= 2 Kygr 1al/a 3/: 22.9 

U.t.S. G.s)> Lt/m? 612 

oR 1.5 

gb RA «0.5 

Hardness, B.H.N 190 

Poxosity, % 18.9 

Blastie Modulus @y)s Git/m@ 98         

ANCOLOY SA COMPACTS 

  

  

  

Ww 

   Final. Density, Ne, 

    
 



PABLE TTT - Cont'd, 

(Ancoloy SA Powder Compacts, Sintered) 

  

jo
a 

  

          

Kor rafal 2 24-9 28.5 

U-T.S. (YS), MN/n? 421 47 

4B 2.5 3.0 

% RA. 0.5 0.5 

Hardness, B.H.N. 149 179 

MATERTAIS CODE “EQ (Ancoloy SA Powder Compactay Sintered,     
Quenched and Tempered) 

  

Kgs weafne/2 25.8 29.6 

U.S. (¥-S), 1/ne 658 133 

gE 1.5 425 

& Bhs «0.5 <0.5 

Hardness, B.H.N. 327 372        



TABLE TV 

IRACTURS TOI 

VALIDITY 859 

  

   

  

  

  

: eee 
MATERIALS KQ oy.s. 2.5 G2) | mnicimess B, 

cops 3/ b e 
M/n 7/2 | MN/ n Mm. mn. 

My, 26.2 842 2.42 11.75 

yo 29.6 899 2.71 14-75 

ys 3het 1134 2.26 11.25 

My, 27.5 642 4.62 41.75 

Moo 50-4 710 3.90 44.75 
Mos 34.7 966 3.22 14.25 

My, 29.1 Sola. | eee7e Te. 14.75 

Io 32.0 531 9.06 11.75 

My 35.8 601 | BBB 11.25 

LIM 22.9 6120 | 550 11.75 
| 

4SA-S (1) 24.9 427 8.52 42.50 

ASA-S (2) 28.5 ATA 9.18 12.50 

ASA-sa7 (1) 25.8 658 3.83 12.50 

ASA-SQT (2) 29.6 133 4.07 12550         
  

 



QTMT20_ IMAGE ANALYSIS OF THE NUMBER AND SIZES OF ‘PORES’ 

TABLE V 

  

  

  

MATERIALS VOL. FRACTION NUMBER OF 'PORES' WITH AREAS IN SIZES SHOWN 
CODE OF *PORES! 

(2) «20 (20 -100) (100-200) (200-500) (500-1009) 1000-5000 5000-10,000  <10,000 

any 16.3 13011 8191 965 1215 8h 1320 332 1sT 

Myo 2357 17682 12324 1338 1263 943 1485 263 66 

3 nes 20632 15020 1375 1513 1095 1432 127 ko 

Moy 16.1 15206 9460 1423 1434 935 1515 288 api 

Myo 12.9 19hhs 13594 1783 1654 815 1268 222 19 

Mog 9.8 18083 11805 2070 1836 100 1243 109 20 

ey 15.7 12070 6309 1586 1498 88h 1232 294 LIT 

30 11.2 13405 1353 1647 1630 1048 1385 220 122 

Ma3 8.9 14400 8434 1900 1837 915 1163 Jak 25 

ASA-S, 15.5 1270T 6596 1169 1970 951 1138 193 90 

ASA-S, 12.2 13167 6983 2048 1846 946 1134 133 16 

  

* Ipp = 1 picture point on the QTM screen = 0.227 fim diameter, .’. Sond = 0.0515 pm.



TABLE VI 

INITIATION RESUL! 

  

  

  

  

  

            

harertans | Pan. | AP As, | 4k 3/o| KAS | Ax/ p? lai x 10? 
cons aN N/a N/a Cycles 

My, Ovi27 |! 2.4) 52.4 8.1 436.0 | 718.8 42 

3.2) 69.4 10.6 576.9 | 958.4 30 

5-8 | 125.9 19.6 1046.6 | 1739.3 3 

Bea ro 18.2 974.5 | 1615.1 6 

2.2 48.0 T4 599.1 656.7 170 

0.762 5.4 | 118.0 18.2 435.9 659.4 2 

2.8 | 60.9 964 225.2 | 340.6 21 

2.6 56.5 8.8 209.2 318.8 130 

4.0 86.9 13.5 321.6 489.1 4 

Myo C12t | 3.8 | ‘62.4 12.8 685.2 | 1135.9 5 

2.2 47.8 74 397.5 656.7 8 

3.0 | 65.1 ea 10M 541.2 | 896.3 12 

3.4 | 74.0 4165 615.1 | 1020.5 10 

2.6 | 55.5 8.8 469.5 | 780.9 48 

0.762 5-8 | 126.8 19.6 469.0 710.1 5 

3.4 13.9 415 27337 416.7 91 

3,0 | 65.4 10.1 242.1 | 365.9 240 

6.0 | 130.3 20.2 482.1 | 731.9 2 

My 0.127 | 8.8 | 210.1 47.6 | 1524.3 | 1561.8 2 

5.2 | 123.6 10.4 895.2 | 922.9 29 

8.6 | 205.5 17.2 | 1495.5 | 1526.3 4 

4.8 | 114.2 9.6 827.1 | 851.9 55 
  
     



TABI VI (Cont'd) 

  

  

MarertaLs | Pan. | AP AS Be Kt.as| Ax/p® | xi x 10? 
copa xa | at/m yat/ne/2 cycles 

9.0 | 214.6 18.0 1559.5 | 1597-3 3 

5.0 | 118.6 10.0 | 860.0 | 097.4 41 

4.4 | 104.7 8.8 758.3 | 780.9 130 

0.762 | 9.6 | 229.4 19.2 | 184.9 | 695.7 23 

8.4 | 200.8 16.8 | 686.1 | 608.7 12 

40.0 | 237.6 20.0 | 812.9 | 724.6 3 

9-2 | 218.8 18.4 748.5 | 666.7 9 1 

9.0 | 195.7 18.0 | 724.2 | 652.2 5 

8.0 | 174.2 16.0 644.6 | 579.7 20 

6.0 | 130.3 142.0 | 482.0 | 434.8 429 

ne o.12t | 2.8] 60.7 9.4 | 504.9 | 834.1 | 127 

3.0 | 65.2 10.1 | 542.2 | 896.3 28 

3.2| 69.4 40.8 | 577.0 | 958.4 148 

3.6 | 718.4 12.1 | 654.7 | 1073.7 3 

0.762} 5.8] 126.0 19.6 | 466.6 | 710.1 2 

5.2| 113.0 17.5 | 419.5 | 634.1 21 

3.8| 82.4 12.8 | 305.1 | 463.8 68 

4.0| 86.8 13.5 | 521.7 | 439.1 180 

Mop 0.127| 4.4] 95.3 14.8 | 792.1 | 1323.3 4 

3.0] 65.0 10.1 |540.2 | 896.3 51 

4.8| 104.2 16.2 865.8 1437.6 2 

4.0| 87.0 13.5 | 723.2 | 1198.0 18                   
 



PARLE VE (Cont'd) 

  

  

Manserats | Pon. [ar | 45) AR, Jo | X88] ax/p 2 1 x 10° 
cops Fu | w/a w/in” eyed: 

0.762 | 5.6 | 121.6 18.9 450.5 | 684.8 4 

3.8 | 82.5 12.8 305.7 | 463.8 27 

5.6 | 121.6 18.9 449.8 684.8 5 

5A | 11703 18.2 434.3 | 659.4 20 

3.6 | 78.2 12.4 289.7 | 438.4 98 

Noy 0.127 | 5.2 | 123.6 10.4 895.0 | 922.9 66 

5.6 | 133.3 41.2 968.8 9935.9 56 

4.4 | 104.8 8.8 761.9 | 780.9 484 

6.0 | 143.0 42.0 1043.2 | 1064.9 9 

6.2 | 147.6 12.4 1073.0 | 1100.4 5 

0.762 | 8.6 | 205.4 17.2 702.7 | 623.2 9 

8.6 | 209.3 17-6 716.0 637.7 16 

9.6 | 228.5 19.2 781.8 | 695.7 cf 

7.8 | 185.3 15.6 633.8 | 585.2 1 

8.4 | 200.4 16.8 685.7 608.7 19 

My 0.427 | 3.4 | 73.8 14.5 613.3 | 1020.5 13 

Se8) |, 82.5 12.8 685.5 | 1135.9 4 

2.4. |) 52.2 841 433.6 | 718.8 350 

Ad 95.5 14.8 794.0 | 1513.3 2 

0.762 3.2 69.5 10.8 25763 591.3 92 

5.8 | 125.7 19.6 465.4 | 710.1 2 

5.0 | 65.4 10.1 2h1.2 | 365.9 310                 
   



ABLE VI ( Cont! 4) 

  

  

              

hursrtars | Poo. | ap O8 al ae ele x/pa | Mx 107 copa x | oun/ m? | ant/n 3/2 Be | BNR 2 | -ovoles 

5.6 | 121.6 18.9 450.3 684.8 6 

Myo 0.127 | 3.4] 80.8 6.8 584.7 | 603.4 384 

3.8] 90.2 76 65341 674.4 ay 

3.6 85.6 oe 624.5 638.9 188 

5.6 | 133.1 Ato 967.1 993.9 3 

0.762 | 6.4] 151.7 12.8 519.0 463.8 16 

6.0] 142.2 12.0 486.4 434.8 118 

8.0] 189.7 16.0 649.1 5179.7 2 

6.8| 161.4 13.6 552.1 492.8 37 

Hy, 0.127 | 5.8] 137.7 11.6 000.6 4029.4 1T 

4.8) 114.4 9.6 828.0 851.9 100 

5.6| 132.9 11.2 965.6 993.9 55 

5.0] 119.0 10.0 868.6 887.4 és 

6.4] 152.2 12.8 [1106.0 1135.9 4 

0.762 | 8.0] 190.8 | 16.0 | 652.6 519.7 26 

8.8| 209.7 17.6 NTS 637.7 

9.2] 218.9 18.4 748.7 666.7 6 

8.4] 200.6 16.8 686.2 603.7 18 

Teale 17153 14.4 585.9 524.7 150      



PABLE VI. (Cont'd 

  

  

BP] AS ak 
MATERIALS: s apa ; By) 

cops Pas | yoy | wy m2 | wm 2/2) E48) any? | 2,10 

Tat 0.127 5.4 |2117.5 | 18.2 916.4 | 1615.1 1 
Qow Ti 5 
sintered 4.4 | 95.5 14.8 19205 1313.3 2 

Hareging 
compact) 2.4| 52.0 8.1 432.2 | 718.8 10 

2.0| 43.4 | 6.7 | 360.9 | 594.6] 58 

2.2| 47.8 1.4 397-5 656.7 30 

0.762 6.0] 129.9 | 20.2 481.0 | 732.9 2 

3.2| 69.4 | 10.8 257.0 | 391.3 12 

2.6| 56.4 8.8 208.7 | 318.8 45 

2.4) 52.2 8.1 193.0 | 293.5 1 

4.8| 104.1 | 16.2 385.4 | 587.0 4               
    Notch depth for My,, Migs Moys Moos Ma? XM. 

KG 
Notch depth for Miss M3, and M, 53 Compacts ~0.1W. 

50° and LTM Compacts ~ 0.3 Wj   
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Each Symbol representa a separate Test Specimen 
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Particle Size 382) of Marasing Steel 

Pre-alloyed Powders ~250p. 

  

41/25 P.S.fE 

Fig.57. A cluster of Maraging Steel 
Powder Particles. 

  
Fig.58. Green Maraging Steel Powder 

Compact.



  

f- 1/10 P.s.—4 

Fig.59. Typical Microstructure of M, series 
of Maraging Steel (M.S.) Compact. 

Sintered and Heat-Treated (S.H.T.) 

  
Fig.60. Microstructure of M, Series of 

Diluted M.S. Compact. S.H.T.
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}1/10 P.S. 

Fig.61. Typical Microstructure of M, Series 

of Diluted M.S. Compact. S.“H. T. 

  

J+1/10 P.S.—4 

Fig.62. Microstructure of M, Series of 
M.S. Compact. Sintered only.



    
f—1/10 P.S.4| 

Fig.63. Typical Microstructure of Ancoloy SA 
Compact. Sintered. 

  

f1/10 P.S._ 

Fig.64. Microstructure of Ancoloy SA Compact. 

Sintered, Quenched and Tempered.
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f-1/25 P.S. 4 

Fig.65. S.E.M.-Image of Typical Microstructure 
of M, Series of M.S. Compact. S.H.7. 

  

1/25 P.S.-4 

Fig.66(a). S.E.M.-Image of Microstructure of 
M, Series of M.S. Compacts. S.H.T.



  

f-—1/50 P.S.— 

Fig.66 (b). Same as in Fig.66(a) at High 
Magnification. 

  

f-—1/50 P.S.—+| 

Fig.66 (c). Ti X-Ray Image of Area in Fig.66(b).
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3|1/20 P.S.fe 

Fig.67(a). Electron-Image (Reversed) and line of Trace of 

a Selected Area of Matrix of M, Series of M.S. 
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Fig.67(b). @ypical Distribution Pattern of Elements 

along the Line of Trace of Fig.67(a).
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Fig.68. Typical Distribution Pattern of Inclusions 

in My Series of M.S. Compacts. Unetched. 
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Fig.69. Typical Distribution Pattern of Inclusions 

in My Series of Diluted M.S. Compacts. 

Unetched.
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Fig.70. Typical Distribution Pattern of Inclusions 

in BS Series of Diluted M.S. Compacts. 

Unetched.



  

Fig.71. Uneven Crack-Path in the Unetched 
Condition. 

  

f-2xP.S.—y 

Fig.72. Island Formation along the Crack- 

Path. Unetched.
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Pig.73. Crack-Forking and Arching. 

aa . a 

fe1/10 P.Soof 

Pig.74.- Crack-Branching.



    
}1/10 P.S.4} 

Fig.75. Crack-Arching. 

  

1/10 P.S.+| 

Fig.76. Island Formation.



  

k1/10 P.S. 

Fig.77. Pseudo-Island Formation. 

  

1/10 P.S.4 

Fig.78. Crack-Tip Lost in Clusters of Pores.



  

Fig.79. S.E.M.-Image of Crack-Path Showing 
Effect of Pores and Inclusions in 
Crack Extension. 

  

k——1/5 P.S._—_-4 

Fig.80. S.E.M.-Image of Crack Damage.



  

Fig.81. S.E.M.-Image of Island Formation. 

  

1/20 P.Sa 

Fig.82, S.E.M.-View of Fracture Surface 
Showing Tensile Dimples of 

Varius Sizes.



    
fk—1/10 P.S.—4 

Fig.63(a). Round Particle in the Fatigue Surface 

Showing Least Tendency to Sinter— 

Bonding. 

  

k—-1/10 P.S.—>4 

Fig.83(b). Fe X-Ray Image of the Particle in 

Fig.83(a).



  

Fig.84(a). S.E.M.-View of Fast Fracture Surface with 
Well-Defined Grain Boundaries imprinted 

in the Internal Surface of the Pores. 

  

1/100 P.S.4 

Vig.84(b). Cubic Ti (C,N) Particle Shown in 
Fig.34(a) at High Magnification.



  

1/100 P.S.] 

Fig.84(c). Ti X-Ray Image of the Enlarged 
Particle shown in Fig.84(b). 

  

1/100 P.S.—4 

Fig.84(a). Fe X-Ray Image of the same 

Particle.
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Fig.85(a). Split Ti(C,N) Particle in the 
Fracture Surface. 
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Fig.85(b). (i) Avea Analysis of Elements in the Matrix of Fig-85(a). 

(a1) Spot Analysis of Elements in the Split Particle of 

Fig.85(a).



  

k—1/50 P.S.—+ 

Fig.86. Ti (C,N) Particle Fusion—-Bonded to 
the Internal Pore Surfaces with 
Signs of Thermal Etchings.



  

b}-—1/12.5 P.S.——4 

Fig.87(a). Decohesion of an Iron-Rich Particle. 

  
Fig.87(b). Co X-Ray Image of Fig.87(a).



    

Fig.87(c). of Fig.87(a). 

  

    k—1/12.5 P.S.—— 

y Image of Fig.87(a).    



  

1/20 P.S.t 

Fig.88. Deep Intergranular Branch Cracks. 

  

f—1/100 P.S. 4 

Fig.89. T.E.M.-View of Different Types of 

Dimples and Thermal Etchings.



  

Ea ead Pp. ee 

Fig.90. Extraction Replica Micrographs of 
(a) Ni, (41,71) Precipitates and 

  

}——_———_1/11000 P.s, _____ 

Fig.90. (>) N-A1,0 Precipitates. 
3
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10. DISCUSSION 

From an inspection of the sintered density data on maraging 

and diluted maraging steel compacts, Table III, it has been found that 

the original "Green Density Vs. Compaction Pressure" matrix, which was 

designed and found satisfactory with minimum of experimental error, 

has shifted to the left, as shown below, in stages ('target' green 

densities and corresponding sintered densities obtained in each level 

are also shown): 

Green Density Levels 

i 2 2 

My 4, (5.8) a, (6.1) a; (664) 
ORIGINAL 

(a) M, a, (5.8) a, (662) a, (604) ae 

M, a, (5-8) a, (6.1) a, (664) 

Sintered Density Levels 

2 

M) a, (M > (6.9) a, (M ) (7-1) as (i) (7.3) 

(v) My a, (My) (6. HO (H,) (6. as OF) Ca) 

Me a, (HG) (65) ay ,) ( aN (s) (6.9) 
inner ign 

where, due to shift in sintered density, 

ay (tt) = 4, (M,) = a, (4) and 

a, (™,) = a, (M5) » as shown 

Written in proper order, the new sintered density levels 

can be arranged as:
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New Sintered Density Levels 

2 2 3 
x, a, (th) (6.9) a,(%) (7-2) a, (,) (7-3) 

M, a, (My) 1 2,04) (649) a5(H,) (761) (-) 

M, 4, (M5) a, (4) a,(4,) (669) (-) (-) 
1 (Left Hand Side) (Right Hand Side) 

creating voids (~-) or imbalances in the matrix. 

To maintain proper balance and ‘symmetry in the matrix, 

specimens with sintered density shown on the left hand side of the 

matrix have been discarded, while sets of new specimens have been 

compacted following extrapolation of calibration curves to complete 

the right hand side of the matrix. 

The shift in the sintered density seems to arise from the 

particular sintering behaviour of maraging steel powder when combined 

or diluted with iron powder in different proportions, The variation 

of density, as indicated in the green and sintered density matrix 

shows that for the same green density level 1 (green density 5.8 Me/m?) 

compacts in the My group have the highest gain in sintered density, 

the lowest gain being shown by compacts in the My group. The same 

trend is shown by compacts at progressively higher green density levels 

(6.1 and 6.4 Mg/m?)» This gain in density has been manifest in the 

contracted specimens after sintering. Maraging steel powder, when 

mixed in definite proportion with pure iron powder, results in compacts 

less dense than compacts made of maraging steel powder after sintering. 

Since no dilution had been carried out with iron powder in 

case of Ancoloy SA (ASA in short) compacts, there was no disporpor- 

tionate shift in sintered density. The sintered density obtained 

in these compacts was lower than the initial green density and this 

was due to carbon-loss during sinterings
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10.1 IMPORTANCE OF TITANIUM IN MARAGING STEBLS. 

The influence of titanium on the properties of the sintered 

maraging steel compacts can be best understood by considering its 

importance in the wrought maraging steel, as detailed in section 3.5.2.6 

The higher strengths in the 18% Ni maraging steels are achieved mainly 

by increasing the titanium content and its importance can be realised 

from the fact that, in wrought form, for each 0.1% Ti, the yield 

strength is increased by 68.9 MN/ti? (10 Ksi). The NTS/TS ratio 

decreases in air melts containing more than 0.4% Ti, Fig. 5. This 

drop-off is very sharp for maraging at 485°C (905°F), dropping to a 

NTS/TS ratio of 1 at 0.6 to 0.7% Ti. A Ti content of 0.7% was found 

to be the upper limit by Decker et a0), (20) | Banerjee and Hayser 

quoted an upper limit of Ti ~1.1% in 18% Ni-Fe base material without 

adverse effects on mechanical properties; in fact, it was shown to 

develop a Hardness of about 43 Re, Fig. 91. The figure also shows the 

effect of low Ti or lack of it (as in LTM group of compacts in the 

present work) on 197% Ni-Fe base. Low Ti has also adverse effect on 

the NTS/TS ratio, as shown in Fig. 5. 

The particular mechanism, which operates contributing to 

hardening, depends upon the nature, size and density of the precipitate 

distribution. Much work has been done towards identifying the 

composition and structure of these precipitates, but the results to 

analyse the precipitate phases are by no mearig in agreement. A general 

trend, however, suggests that Mo precipitates out as Nis under 

normal ageing conditions, This is a metastable phase, being replaced, 

on overaging, by FeoMo or a sigma phase, Ti generally appears to form 

MiMi, but this is generally difficult to identify in the presence of 

Ni,Mo, and so a complex Ni,(Mo, Ti) may actually exist(27934), other
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elements are normally found to be present in these precipitates, but 

Co is the exception, appearing to remain entirely in solution. In 

the present study, the only precipitates that could be analysed were 

extracted from the fractured surfaces, and analysed as abe (Al, Ti) 

and n- Aly 07% other precipitates were too small to be analysed by 

electron diffraction. 

The hardening effect of titanium is due to the fact that its 

addition to 18% Ni maraging steels results in the formation, in the 

overaged condition, of a lath-like Widuanstatted precipitate formed 

with its long axis parallel to the (11) direction of the matrix, and 

having the composition and structure of Ni,Ti. However, in the condition 

of maximum hardness, although a Widmanstatten precipitate is present 

in thin foils as observed by Miller and Mitcher 32) and can be 

associated with streaking of the thin-foil diffraction patterns, a 

fine spheroidal precipitate is also present in an amount much too 

plentiful to result from the viewing of the Laths end-on, Miller and 

Mitcher1 (22) found faint spots in the {100} matrix reflection position, 

but these cannot result from either streaking caused by the precipitate, 

or double diffraction, but are an indication of ordering. It seems 

probable that ordering may occur as a pre-precipitation reaction, 

involving the spheroidal zones. This ordering could possibly be based 

on the Ni Ti, B, structure, or more likely on a metastable Niji, ee 
2 

structure. Co, which also forms ordered b.c.¢. compounds with Fe, 

could possibly stabilize formation of these ordered zones at peak 

hardness even though, in the final equilibrium precipitate, Co is not 

present in detectable amounts, Thus the hardening mechanism of Ti may 

be suggested as:
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where peak hardness occurs between 2 and 3. 

Though it is important to have the right percentage of 

titanium content in the 18% Ni sintered maraging steel to develop and 

realise the potential mechanical properties, difficulties have been 

encountered in the production of the pre-alloyed maraging steel powder 

with the specified titanium content, due mainly to the tendency of 

titaniun to oxidise, segregate, and separate out only to combine with 

dross and film which may be developing in the melt, It is, therefore, 

essential to have an inert atmosphere melting plant to avoid loss of 

titaniun,
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10.2 CRACK INITIATION RESULTS 

taylor‘ 269) and Parkin(27) dealing with initiation studies 

on maraging steel, found that the initiation characteristics depend on 

the condition of the material, For the maraging steel, Taylor and 

Parkin found that the initiation life is better in the solution 

treated, machined and aged condition than in the fully heat treated 

and machined condition. In the former, the ageing temperature is too 

low for recrystallisation, but there will be a tendency for residual 

stresses, which are compressive, to be relieved and the surface will 

be oxidised if the treatment is carried out in air. Moreover, there 

will be an additional major change, which is the precipitation of the 

hardening phase on dislocations. Since the surface of the notch 

contains a high dislocation density, as a result of the machining 

operation, this structure will be effectively locked in by the 

precipitation, fofming a strong surface layer. This argument is 

supported by the higher hardness value in the vicinity of notch 

surfaee than the bulk material, Taylor’°9) and Parkin'2") cowia fina 

no hardness increase on the surfaces of specimens machined after ageing. 

This means that the strengthening effects of precipitation more than 

balances the weakening effects of oxidation and stress relievings 

The significance of the above observations lies in the fact 

that the sintered specimens used in the present study were sintered, 

solution treated, machined/notched and aged. Whatever the beneficial 

effect of this sequence of operations in the initiation, there was 

found no significant hardness increase in the vicinity of the notch 

tip in these specimens aged after machining and notching operationso 

Since no other heat treatment sequence was followed for these compact 

specimens, the change in initiation behaviour encountered in the
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material of such compact nature, may arise from some combination of 

the following factors: 

(a) the specimens being compacted to different density 

levels and 

(b) made to different compositions by dilution with pure 

iron powder in certain proportions 

(c) the particular distribution and alignment of pores at 

the notch tip, and 

(a) the presence of residual compressive stresses, however 

slight, after the low temperature ageing operation. 

Early attempts to study the material behaviour in fatigue 

erack initiation used a stress concentration factor approach which 

yielded design information expressed as a relationship between Ni, 

the number of cycles to initiation of a fatigue crack from a notch, 

and Kpe AS, where Kn is the Neuber elastic stress concentration 

factor for the particular notch, and 4S is the range of nominal 

stress from zero to S max. 

Polinwite the. examples of Weentna 4S) iby and Heaal’ ©), 

(123) Jack and Price » a stress intensity approach has been used in the 

present study to provide a general description of crack initiation and 

propagation in the notched specimens. Weertman'148) , Bilby and Heald 

(270) used a model of plastic relaxation at the crack tip to develop 

an expression relating Ni, the number of cycles to initiate a crack to 

the stress intensity factor range AK in the form 

(39) Nig Ss = cones 

  

where Y= @c-Oy is a measure of the plastic work done 

per uhit area of fracture @c is the critical value of the cummulative 

displacement at which the crack initiation is considered to occur,
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and G is the shear modulus. It was assumed here that, when the sum 

of the plastic displacements at the crack tip exceeded the critical 

value @c, the crack would extend. 

Though this approach provides no significant improvement to 

the design criteria, it leads to an unified approach in crack initiation 

and propagation in the notched specimens and enables comparisons with 

other workerse 

The initiation results plotted-as Ni Vs. Ky AS for the 

compact specimens, Fig. 47, show a distinct banding effect in the two 

levels of notch root radii tested. This effect exists even if plotted 

as Ni against AK/ ps, Fig. 48, where AK is the range of stress 

intensity factor which would exist if the notch were a sharp crack of 

the same depth as the notch, p being the measured root radius for the 

(123) notch. Jack and Price used mild steel specimens, which were 

annealed after notching, and obtained good correlation of Ni with the 

parameter AK/ p 4, without much scatter or any banding effect. The 

initiation data, on the other hand, replotted as Ni Vs AK with a lower: 

powdered exponent of root radius, Fig. 92 shows that the banding effect 

is markedly reduced, though some scatter still persists in the plot. 

A possible explanation could be found in the existence of residual 

stresses and/or work-hardening in the notch due to machining. 

According to Neuber(228) ’ Kp has a roughly BE dependency 

(Appendix Is and takins into account of the fact that residual 

compressive stress, even after low temperature ageing operation, is 

an additional source of stress superimposed on the existing stress 

concentration, the real relationship between Ni and AK/p" tends to 

become empirical in order to compensate for the variation in stresses 

needed to initiate cracks from blunt and sharp notches, The plot in 

Fig. 92 is based purely on empirical analysis of the data where a 

lower power of P (n = 0.3) in the relationship
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3 AK 9 Ni = B ( Pe ) seesceseese (40) 

has been employed, whereby the banding effect has been markedly 

(125) minimised, Pearson also found distinct banding effect when his 

initiation results were plotted according to notch root radius. He 

used movohed aluminium alloy specimens without heat-treatment sub- 

sequent to notching, and so these specimens contained any residual 

stresses and/or work-hardening. 

The initiation data as plotted in terms of Ni Vs. AK, Fig.51, 

also show reduced banding effect, though with some scatter, which 

should not be considered unusual for materials of such sintered 

nature. In this plot, it has been found that Nie (AK), where 

n = 3-5, similar to Jack and Price ts(123) plot, where n was found to 

be 4e 

From the Fig. 51, it is also clear that the blunter notches 

have better initiation life than sharper notches. From an inspection 

of the initiation plots in Fig. 48, it is found that the higher 

density and higher % dilution with iron powder generally result in 

superior initiation life. In other words, the lower density compacts 

are notch-sensitive, and need lower number of cycles for initiation 

from notches. 

(123) Jack and Price observed that, below a certain critical 

root radius, initiation was independent of root radius, this critical 

value being independent of the stress and notch depth. Jack (126) 

examined Veibutits(7) work on aluminium alloys and found that the 

results were consistent with the existence of a critical root radius. 

A similar conelusion can be drawn from the work of Wilkins and Smith 

QM, an Al-Mg alloy. This means that a critical root radius may 

exist for all alloys, and in the present case, if it exists at all, 

(125) it must be less than 0.127 mm. Pearson also, more or less came 

to the same conclusion.
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Since the detection of a fatigue crack is the sole criteria 

of crack initiation, some crack growth must occur in order to be sure 

that the initiation has taken place, So, in general, 

Measured Si Ni ue ai Np popeeations 

In order to make the stresses equal at the tips of two 

notches of unequal root radius, a higher nominal stress must be applied 

to the specimen with the blunter notch. Now, since the notch stresses 

are made equal, the Nise values will be equal (ignoring the size 

effect). Once cracks have nucleated at the notch tips, then to a 

first approximation, the nuclii and notch can be considered a single 

erack, Since the specimen with the blunter notch has a higher applied 

stress, the crack in that specimen will grow to the defined initiation 

length faster. 

Attempts have been made by some researchers to explain 

banding encountered in initiation data by considering certain initia- 

tion criteria as the number of cycles for a crack to attain a ‘length! 

(169) (123) of, say, 0.127 mm, Taylor used Jack and Price's parameter 

of AK/p#% and a crack length of 0.125 mm. as the criteria for 

initiation in the fully heat treated and machined maraging steel 

specimens. He observed evidence of banding and a broader scatter band 

than for his original data, without any ‘length' criteria for initiation. 

He repeated the process for machined titanium alloy specimens, but 

failea to get any evidence of banding, when compared to his original 

data for the material without any 'length' criteria for initiation. 

(122) also found that mild steel and Al alloy 7075-T6 are Gowda et ale 

insensitive to the definition of Ni. So it is safe to suggest that 

sensitivity to the definition of Ni depends on the alloy being tested. 

Since no investigation was carried out into this aspect using the
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present material, the explanation for banding still needs further 

exploration. 

The banding effect as shown by the compact materials, when 

the initiation data is plotted as Ni against K,.AS or AK/p3, 

might be characteristic of these materials due to their inherent 

inhomogeneity. Although the attempts to plot the initiation data and 

unify the results within a single scatter band by such parameter as 

ak/ por or simply 4K against Ni might conceal this characteristic, 

it helps providing an adequate method for engineering design. In 

other words, the initiation data as presented in Fig. 51, 92 fulfills 

the requirements for safe design criteria for the compact materials 

tested, This information enables one to draw a conservative line 

below which initiation would not occur, and then scale down from this 

line by applying a safety factor on the allowable stresses, 

For specimens containing sharp notches in plane strain, 

Sack s(226) relationship between Ni and the range of stress intensity 

factor was of the type Ni o ( ax)74, whereas, for the sintered specimens, 

a relationship of the type Ni e ( AxK)72°9 has been observed. 

Wertman 148) and Bilby and Hea1a (279) predicted a relationship of 

the type Ni © ( ax)~2 as shown in equation (39). 

A possible reason for the discrepancy is due to the fact that 

the theoretical results are dependent on the assumed material behaviour 

Gaile intottuslmathenttical modeiss bitby ana Weeag©+!) outeined 

their expression for oe: the critical crack tip displacement at 

which the initiation is considered to occur, by linear summation of 

the displacements resulting from each cycle, and these displacements 

are assumed to be confined to a single slip plane in this model, In 

practice, it is likely that deformation occurs randomly on several 

(172, 173) slip planes. Others are statistical models in which the
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accumulation of fatigue damage is proportional to the square of the 

plastic strain to obtain theoretical justification for the Manson= 

Coffin relationship. There is also some experimental evidence from 

(174) results on austenitic steel in high strain fatigue which can be 

used to show that Ni is inversely proportional to the square of the 

plastic strain range for plastic strains of less than 1%. If it is 

assumed that the critical displacement @, in the Bilby and Heald's 

(170) analysis is obtained by summation of the squares of the 

individual displacements i.e. a random rather than a linear summation, 

their expression becomes 

Nie) (ax)™4 

which agrees with the results for sharp notches in some materiais(223), 

Although Bilby and Heald's analysie( 170) 

(175) 

applied strictly to sharp 

eracks, Smith has shown that this treatment should be applicable 

to notches. Smith's analysis predicts that the displacement at the 

notch tip is reduced by a factor of about 2 as the root radius 

increases from 0 to 0.250mn, for a 2.5 mm. deep notch, The present 

results show that experimentally there is no effect of root radius in 

this range. Similar behaviour has been observed in brittle fracture 

(276) where it has been found that there is a critical notch root radius 

below which further sharpening does not reduce the fracture toughness. 

This effect is generally ascribed to the fact that a particular 

mechanism requires a minimum volume or critical element over which to 

operate, 

The dependence of Ni on a particular inverse power of AK 

or on the effective range of stress intensity factor in the form of 

OX/pt or AX/ p°*? can be understood by studying the actual 

material behaviour in terms of the appropriate microstructural 

processes. In the sintered steels studied, the measured notch root
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radius P may not be effectively the machined notch root radius, since 

the effective root radius of the notch may have been affected by the 

presence of the pores at the base of the notch, also plastic blunting 

may disturb the actual radius and may have a bigger effect at high AK 

values. So it may be argued that the effective range of stress intensity 

factor AK/ pi or AK/p Oe 7 ides noe adequately represent the real AK. 

In fact, there are calewlations(270) which incorporates correction 

factors taking care of the presence of the blunt notch of root radius 

Pp. The effective stress intensity factor (Koop) for a blunt notch 

is related to that for a sharp crack or notch by 

a 
Po_y% Kee = Lae Wlsscbehs (41) 

where Po is the critical value of P 

Pe is the effective root radius 

Pe =P when P2Po 

Po = Py when P<Po 

i.e. no correction would seem necessary once Pis less than Po? the 

limiting sharpness for the material, Experiment by Jack 126) indicates 

a dependence of Ni on ax4 when P<Po, Eventually as the fatigue 

crack grows and reaches beyond the range of the radius Pp, no 

correction would seem necessary. 

(225) found a critical As mentioned earlier, Jack and Price 

root radius of 0.25 mm (0.010") below which Ni was not reduced. A 

similar feature was also mentioned by Cottre11° 176 ) who showed that 

notches of less than a critical radius must blunt to that critical 

radius prior to crack propagation in fast fracture and so did not 

(126) justitioa his finding of the reduce fracture toughness. Jack 

existence of such a critical root radius by demonstrating that the 

distance, Tos ahead of his notches at which the stress was equal to
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that for a sharp crack was equal to one quarter of the root radius. 

Thus, for a 0.250 mm. (0,010") notch, this distance was of the order 

of the grain size of the material used by Jack, which may be described 

as a critical element or a minimum volume of material over which the 

prevailing mechanism can operate. Ahead of blunter notches, the stress 

at the tip of this critical element is less than at the same distance 

(126) based ahead of a sharp crack, and so Ni will be increased. Jack 

his argument on an approximate expression developed by Weiss and 

Yukawa©°) for the longitudinal stress distribution at a distance r 

ahead of the notch of root radius p3; in its simplified form, the 

expression can be written as: 

o, - o(2@ a] + | oe ASE 
where oy is the longitudinal stress, 

Weiss and Yukawa's approximation, in conjunction with the 

eritical element size can be used to develop the modified stress 

intensity factor which describes crack initiation from a blunt notch. 

when & D>p 2Prs 

3, = 20(a/e Rcsccsese #45) 
Hence the ratio of stresses o,/ o, an ine from the notches of root 

radii RS » P is given by > 

cay Po ye 23 ( a Miceoeseres: nad) 

At the end of the critical element, the stress for a notch 

of root radius pis given by the stress intensity factor, and it 

follows that, for notches of larger root radii 

et en (Ode ete = 4 ( 48) 
(2m)?
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It must be assumed that the stress intensity factor controls 

displacements at the end of the critical element, and that Ni is 

controlled by these displacements rather than those at the notch root. 

On this basis, a more appropriate treatment would be to consider these 

displacements using the plastic relaxation model.
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10036 CRACK GROWTH RATE 

The room temperature fatigue crack growth rate properties 

have been presented in Fig. 53 through Fig. 56 in terms of the stress 

intensity factor range (AK) Vs. crack growth rate (da/dN). 

An inspection of the effect of stress ratio on fatigue 

threshold shows that the high load ratio (iseg R= 0.3) used in the 

test, yields a threshold AK, ~12 wi/n?/2, while the lowest load 

ratio (ise. R ~0.07) appears to indicate a AK,,, value somewhere 

between 8 and 11 rav/n2/2, This influence of stress ratio on fatigue 

threshold is not consistent with the findings reported by Bucci et al. 

QTD | gow Agim A517 Grade F(T-1) steel, pyirerie ? ©) fon severea 

high strength steels, and by Schmiat (279) for a Ti - 6Al ~ 4V alloy. 

They found that, higher the stress ratio, lower the threshold Ak, 

values 

Above the aK threshold value, an increase in stress ratio 

is accompanied by an increase in growth rate for equivalent AK, This 

trend is similar to that reported by other workers for many different 

alloys (278s 144) | 

The nearly linear relationship in stage 2 between log (da/aN) 

and log AK shown in Figs. 53 through 56 is typical of the most fatigue 

crack growth rate data. Since this linear relationship exists, the 

erack growth rate data has been expressed in terms of the generalised 

fatigue crack growth rate law developed by Paris (6), 

Gi: m ae ( AK) 

where da/dN is the rate of crack growth, C is an intercept constant 

determined from the log (da/aN) Vs. log AK plot, m is the slope of the 

log - log plot and AK is the stress intensity factor range. As the
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upper scatter band data represent a conservative estimate of the 

materials crack growth rate properties, the generalised crack growth 

rate expression describing this line is normally reported as the 

materials crack growth rate propertiese 

As reported earlier, in section 9.4, the growth rate for 

Myo and Moy compacts has been found to be 1.7 to 2.0 times faster 

than for My compacts at R ~0.07, over the range of AK considered 

(10 to 35 mav/m?/2), for My; and My, compacts, the rate is 2.8 to 

3.0 times faster than for My compacts, and for Moz Mos Moos M;5 

compacts, the rate is 6.7 to 7.0 times faster than for My material. 

The rate for LIM compacts has been found to be 10.7 times faster than 

for My compacts. At higher stress ratio, R = 0,3, the growth rate 

for Mas Mos and M5 has been found to be 6.0 to 6.2 times faster 

than for My compacts tested at R ~0.07. 

In general térms, the above findings show that at lower 

stress ratio, R ~0.07, the growth rate curves for My My and a 

compacts fall on four distinctly separate scatter bands; also separate 

scatter bands have been obtained for LTM compacts at R ~ 0.07, and for 

M39 Mos and 5 compacts at R = 0.3. 

Fig. 93 summarises the fatigue crack growth data represented 

by the upper scatter bands for the compact materials. The slope (m) in 

all the crack growth expressions in Fig. 93 (a) is within the range 

2.25—4.58, and 4.4 to 5.13 for the remaining two crack growth 

expressions as shown in Figs 93 (v). The upper scatter band for me 

has been added in Fig. 93(b) for comparison. It is evident from 

Fig. 93(a) that the crack growth rate expression for the Mo 3/Ma, MaMa 

groupsof compacts is the least conservative and will yield the greatest 

rate of crack growth. Therefore, the growth rate expression
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$2 a5.1xt0? (AK) oo. 5505446) 

should be employed when making fatigue life predictions or calculating 

initial allowable flaw sizes applicable to Mys M, and I groups 

maraging and diluted maraging steel compacts subjected to room 

temperature air environment.The Fig. 93(a) also shows that the crack 

growth rate expression for My compacts yields the slowest rate of 

erack growth, Therefore, from the point of view of fatigue crack 

growth rate, yy compacts are significantly superior to other compacts 

ay M, and . groups when tested at the low stress ratio. 

Fig. 93(b) shows the influence of stress ratio on crack 

in M 

growth rate. Here the increased stress ratio R is accompanied by an 

increase in crack growth rate for the range of AK and growth rate 

considered, The crack growth rate for M3) Ms and ae compacts at 

R = 0.3 is 2.2 to 2.5 times faster than for M,, compacts tested at 
13 

R ~0,07, and about 6.0 to 6.2 times faster than for My compacts 

tested at R ~0.07, as shown in Fig. 93 (b). This figure also shows 

that the growth rate is slower in the lower density My compacts than 

in the higher density My compacts, but in case of LIM compacts tested 

at a lower density (6.6 Mg/m?) than the lowest of the M, compacts 

(6.9 Me/n°), the growth rate is remarkably high; in fact, it is 

higher than /M, compacts (density 7.3 Me/m?) tested at 
3 23/33 

R= 0.3. This means that there is perhaps a critical density or 

critical porosity content in the compact materials that governs the 

crack growth rate. 

From a study of the room temperature properties of maraging 

My and LTM compacts, Table III, it seems that thecriticnl porosity. 

content lies somewhere between 16.3 and 167, when the crack growth 

rate trend is reversed, that is, the growth rate is increased with
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increased porosity. In case of My compacts, which is basically 

maraging compacts diluted with 25% pure iron powder, the resulting 

microstructure, with lesser amount of martensites and correspondingly 

higher amount of ferrite, is jointly responsible along with the 

porosity content for generally faster growth rate. The growth rate 

is still faster in Moy? Mo and a compacts Qu + 50% iron powder, 

density levels 1, 2, 3), where the effect of microstructure with still 

higher amount of ferrite and lesser amount of martensites, is most 

likely the predominant feature, the role of porosity seems marginal 

or not significant enough. That is, on the softer microstructural 

side of the microstructure ~- porosity relationship that an explanation 

is to be found for the higher crack growth rate in the S compacts. 

Evaluation of the results on the basis of fatigue crack 

growth rate behaviour associated with the scatter of results, Fig. 53a, 

54, 55, seemingly indicate, as also stated earlier, that the compacts 

in My group with the lowest density exhibit somewhat superior growth 

rate properties than the compacts with highest density. A speculative 

explanation for this behaviour may be that the presence of bigger and 

irregular shaped porosities in the My compacts results in delayed 

erack growth, and, consequently, decreased growth rates, Similar 

behaviour has also been reported in structural steels with discon- 

timities(17), due to weld defects. It appears that when the main 

fatigue crack front encounters 'defects' of the appropriate size, 

type and orientation, "blunting" of the crack tip occurs and growth 

stops until enough cycles have elapsed to resharpen the crack tipo 

Unfortunately, the effect of defects or discontinuities on fatigue 

erack growth is not repeatably uniform, Depending on the size, shape 

and orientation of discontinuities present, they can also significantly 

increase the rate of crack growth. For this reason, one generally
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encounters comparatively large amounts of scatter in the crack growth 

rate data obtained from compact materials containing porosities or 

discontinuities. 

In the case of the compacts in M, group, where the matrix is 

sufficiently soft due to the presence of large amount of ferrite, the 

erack blunting effect due to porosities is not operative, being 

largely superceded by the presence of the softer ferrite. The higher 

erack growth rate in this group can be explained mainly due to the 

presence of this softer constituents. The scatter band for the growth 

rate for compacts in the M group can effectively accommodate any small 

differences in the growth rates due to the small differences in the 

sintered densities in this group. On the other hand, the My group of 

compacts still retain an effect of porosities in spite of the 

presence of lesser amount of ferrite than in Le group of compacts. 

This effect is shown by the different growth rates obtained in this 

group due to the different porosity levels. 

For My group of compacts with a martensitic matrix, it is 

the orientation, concentration and shape of 'voids' which seems to 

control the rate of crack growtheSlower growth rate at lower densities 

has been explained by the 'blunting' effect of the crack tip, due to 

the presence of bigger and irregular shaped 'voids' along the crack 

path. At higher densities, one would expect the presence of smaller 

and rounder voids with lesser surface area in the compacted mass. Of 

course, it would not also be difficult for one to expect, at higher 

densities, a significant amount of these 'voids' to be severely 

compressed or 'squashed' with sharp corners and favourably oriented 

along the crack path. It could be that the compaction pressure, and 

sintering time and temperature, though high, were not sufficient 

enough to close or absorb these 'voids' into the matrix, or even
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render the corners sufficiently harmless by making them somewhat 

blunter by the sintering mechanism. 

It is the presence of these type of voids in adequate 

numbers, and favourably oriented along the crack path, which may have 

contributed to the lower fatigue resistance in this group of compacts 

at higher densities. This also seems to be the speculative explanation 

for the faster growth rate with increasing density, for the My group 

of compacts. & 

At the present state of the art, sufficient information 

regarding the influence of defect characterisation on fatigue crack 

growth is not available to permit further generalisations. 

The slopes of the crack growth rate curves for Mis M,/Moys 

Table VII, are in good agreement with the work of nirier(239) who 

found a slope of 2.88 for a '200' grade maraging steel and 2.53 for 

a '250* grade maraging steel. Van Swam et a127) found a slope of 

2.0 for a '300' grade maraging steel, all tested in air. The slopes 

of the growth rate curves for My 5/Moo etc. are higher, and so, from 

the point of view of crack growth rate, the compacts in My and My o/Moy 

groups stand a good chance of competing with the above grade of 

normal maraging steels.
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10.4 stopraphic and other observations. 

In non-sintered materials, specially in maraging steels, 

the fracture generally show striated surfaces characteristic of 

micro-crack growth rate, and fairly indicative of macroscopic crack 

growth rate. In none of the fracture surfaces of the compact 

materials was seen any striation markings even at high magnification. 

Some marking, which was seen, was the characteristic thermal etching 

effects due to the high temperature sintering. 

The particular shape and size of pores” including 

‘inclusions', and their general distribution, and orientation are 

the determining factor in the crack growth rate for My group for 

maraging steel compacts. In the case of the compacts in the . Eroup, 

it is the softer microstructural features that govern the macroscopic 

erack growth rate. In between the two extremes lies the compacts of 

the My group, where it is the balance between the porosity and micro- 

structure that governs the crack growth rate. 

The fracture surfaces for the sintered specimens are micros 

scopically entirely flat, without any sheer lips. These surfaces 

show the characteristic ductile dimple type of failure and the presence 

of dimples indicates that the fracture process is basically the necking 

down between the crack tip and the adjacent voids, At the tip of a 

erack in a fully dense material, the plane strain condition promotes 

  

* Throughout the discussion, the term 'pore' has been used to combine 
the sense of ‘voids and inclusions', as detailed in section 9.2. 
Treating the inclusions as part of the 'pores' should not be too 
inaccurate, as the particle/matrix interfacial strength is not 
particularly high.’
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fairly high normal stresses (all three >0) and the normal/shear stress 

ratio is high.Such a stress situation can affect cleavage fracture 

before plastic deformation (associated with high shear stresses) can 

cause a ductile failure. However, when appreciable porosity is present, 

the shear/normal stress ratio is increased because of relaxation of 

strict plane strain conditions (approaches plane stress) on a micro 

scale. This allows the attainment locally of the critical shear stress 

for plastic deformation before cleavage and a ductile dimple failure 

results. With increasing porosity, the tensile strength at a micro 

level and hence the fracture toughness are reduced (decreasing cross- 

section of micro-tensile specimens), Poor toughness can also result 

from inclusions and second=phase particles which initiate large 

fracture dimples or from a fine dispersion of very small particles 

which initiate many small fracture dimples. It may be that the volume 

of the material deformed, that is, the depth of the pores and dimples 

in addition to their size, determines the toughness of the compact 

materials, If this is true, a study of the fracture surface in three 

dimensions wovld be required to obtain a correlation between the 

volume of metal deformed and the toughness. 

In the range of sintered materials tested, the toughness 

increases with decreasing porosity content and is clearly dominated 

by the resulting yield strength. In fact, toughness increases with 

increase in yield strength as shown in Fig. 44, in the range of 

sintered density considered, The yield stress is, of course, controlled 

by the strength of the necks of metal around the voids which result 

in less than the theoretical density, Basically, the fracture 

process involves drawing out the neck between the crack tip and the 

adjacent voids on a micro scale, and this process determines the 

fracture energy consumption and therefore, the fracture toughness.
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Basic trend of the increase in toughness with the increased 

yield stress is illustrated in Fig. 94, which also contains results 

from previous work of the author and other workers, on sintered 

materials. This relationship between toughness and yield strength is 

the opposite of that which normally arises in, say, high-strength 

steels, aluminium or titanium alloys. 

The increase in toughness with yield strength is an interesting 

feature of the behaviour of sintered steels, since it suggests the 

possibility that high strength, highly alloyed, sintered’ steels could 

match the high-strength wrought steels, titanium and aluminium alloys, 

as illustrated in Fig. 95. Toughness data comparing these materials 

have been abstracted from Pellini's work 180) and the high toughness 

figures correspond to the energies absorbed in a drop-weight test (282), 

whereas the lower toughness figures are Kio values. The sintered 

materials examined in the present study compare well with the high- 

strength aluminium and titanium alloys, but an extrapolation of the 

toughness/yield stress trend would carry them into competition with 

high-strength wrought steels. There is no doubt that this possibility 

will tempt other investigators to venture into this meaningful field. 

HE IE HK KEK   

An attempt was made to pin down the 'effective' notch root 

radius ( Pe), above which the apparent values of fracture toughness 

show a noticeable increase. With this value of Pe was compared the 

minimum root radius of pores ( Pmin) measured in the sintered and heat 

treated maraging, diluted maraging steel and Ancoloy SA (ASA) compacts, 

after light etching. Also, the relationships of crack opening 

displacement (22) with Pe and ®min were looked into, in the above
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sintered materials, and the possibility of improving toughness by 

manipulating Pmin of pores was explored (Details are set out in 

Appendix - II). 

From the results given in Appendix - II, it has been found 

that 

Onin < fe < Pe, 

In fact, the minimum root radius of the pores have been 

found to be extremely small compared to the ‘effective' notch root 

radius ( Pe) of specimens, above which the K apparent values tend to 

go up with root radius p. This means that some of the defects or 

pores in the compact materials are isolated, but with very sharp root 

radius. They are like any other defects in non-compact materials, 

and do not become operative in toughness testing situations unless 

they are favourably oriented. This finding is preliminary at this 

stage and needs further exploration.
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ie CONCLUSIONS 

A distinct banding effect, possibly characteristic of the 

sintered materials tested had been observed when the initiation data 

were plotted as Ni against Kne AS or AK/p# for the two levels of 

notch root radii of 0.127 and 0.762 mm. 

Banding effect was markedly reduced when the initiated data 

was replotted as Ni against AK or an empirical parameter AK/ poe, 

No critical notch root radius was found below which 

initiation was independent of root radius. 

There was perhaps a critical density or critical porosity 

level in the sintered materials, below which crack growth rate 

increased with increased porosity content; above the critical level, 

decreased fatigue resistance arose from increased sintered density. 

Comparatively higher crack growth rate in a group of 

sintered compacts was due to the presence of soft ferrite in the matrix, 

which largely superceded the crack blunting effect due to porosities. 

The micromechanism of fracture was of ductile dimple type in 

every cases 

No striation markings were observed on fracture surfaces; 

instead, some characteristic lines found on the internal pore surfaces 

exposed after fracture were due to thermal etching effects. 

Increase in toughness with increased yield stress seemed to 

be the basic trend in the sintered materials tested so far. This was 

because the fracture was effected by plastic instability on a micro- 

level.
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12. RECOMMENDATIONS FOR FUTURE WORK 

The present work opens up wider areas for further investi- 

gation. Some of these potential areas are outlined below: 

It would be useful to test sintered specimens which have 

been machined and notched after full heat-treatment in order to 

isolate the effect of residual stresses or work hardening on crack 

initiation. ; 

A ‘Length' criterion for crack initiation may be used in 

future work to see whether sintered materials are sensitive to the 

definition of Ni and banding, 

The concept of critical density or critical porosity level 

in sintered materials and the absence of striation markings on their 

fracture surfaces need further explorations 

Besides higher sintered density, infiltration, pore sealing 

or other approaches appear to be attractive for further improvement 

of fracture toughness. 

Effect of root radius of pores on crack initiation and 

propagation characteristics and on toughness need careful exploration. 

Fracture Mechanics approach, as applied in the present study, 

may be attempted for the assessment of thermal fatigue characteristics 

and corrosion damage in the sintered materials.
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156 Appendix I. 

(118) 
According to Neuber » the equation for the maximum 

stress or the stress concentration factor at the base of a notch is 

written as: 

and 

whence, 

where 

Px 2 (a/P +1) (a/P @ 

(a/P +1) arctan (a/P )* + (a/p) 
Omax 

We
e 

for tension case 

3 [(a/e )* + (a/p -1) Arctan (a/p Neat 

for bending case 

Omax 5 = a4, for tension case 

Omax : moue = G55 for bending case 

p= Snome 

The equation for Kp yer ? according to Neuber, can be 

written as: 

and 

where 

and 

1+ %- 0 (%-» 
i “iio aA ea ene Kp NET Li, ai)e * (Ky 2104] 

2 w ie _ Ween 
Xp Gross “ower * (aye 

4 
2(a/p +1) - 91 (a/p 41)” 

es (4(a/p +1)7 92) = 3 ay 

x 

Ky = 1+ 2(t/P )* 

where Ky is defined as the stress concentration factor for the deep 

notch (where the depth of notch is not too small compared to the width 

of the specimens) and Kk, is the stress concentration factor for a 

shallow notch (where the depth of notch is very small compared to



the width of the specimens), and where 

t 

P 

hu 

depth of notch 

notch root radius 

width of specimen 

(width - depth of the notch)
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16. APPENDIX II 

Relationships between Pe, Pmin and ee . 

An attempt was made to pin down the 'effective' notch root 

radius ( Pe), above which the apparent values of fracture toughness 

show a noticeable increase. With this value of Pe was compared the 

minimum root radius of pores ( Pmin) measured in the sintered and 

heat-treated maraging, diluted maraging steel and ancoloy SA (ASA) 

compacts, after light etching. An attempt was also made to find out 

the relationships of crack opening displacement G fe ) with Pe and 

Pmin in the above compact materials, and to explore the possibility 

of improving toughness by manipulating Pmin of pores. 

Four sets of specimens (2 in each set) of sintered and 

heat-treated maraging (M5). diluted maraging (,))s and ASA compacts 

in 2 levels of densities, were each machined/notched to a depth of 

0.45W with root radii of 0.127, 0.254, 0.508 and 0.762 mm. as shown 

in the Table AIT (appendix). One set of 2 specimens of the above 

mentioned compact materials, in both levels of densities, were 

initially machine-notched to a depth of 0.3W, with root radius of 

0.127 mm. and fatigue-cracked to a depth of ~0.45W. This helped to 

produce infinitely small root radius (— 0) at the crack tip. Results 

of apparent fracture toughness are also given in Table AI.
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TABLE AT 

Apparent Fracture Toughness corresponding to different 

Notch Root Radii. 

  

  

    

            

Materials Notch Notch Root Apparent Fracture Toughness 

Code Depth Radius, mme K.App., wn/n2/2 

W=23.250 mmo Density 1 2 

levels |6.9,Ma/m? | 7.1,Me/m. 

Mo 0.45W 0.127 en - 

29.61~ 

0.254 31.25 
32.70 

34.157 

0.508 38.41. 

36.68 
346957 

0.762 43055 
SEE 

39.97 

0.3W 00127 30.10. x 
V J $29.60 

(0.45W) (o%o) 29.10 

Lone 0.45 0.127 B14? Ni 

26.52——~ 

0.254 29.86 —~ 30.20 

30.54 = 

0,508 33.67 
53.72 

33077 

0.762 38049 

39.045 
40.41 — 

O.3W 0.127 28.12 

V J 27.53 
(0245W) (020) 26.94 —— 

¥ Valia Ki Values 
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TABLE AT (CONT'D) 

Apparent Fracture Toughness corresponding to different Notch Root Radii. 

  

  

  

  

    

Materials Notch Notch Root Apparent Fracture Toughness 

Code Depth Radius, mm. K app., MN/m2/2 

W = 250 mm. Density 1 2 

levels 667 )Ma/m? 6.9,Me/m? 

ASA-S 0.45W 0.127 25.69 31015 
P2611 S51.044 

26.54 (ave) 1151073 

(Ancoloy SA 0.254 28.39 31.79 
% > 38.15 32,16 

sintered) 27.91eus 325570 

0.508 29.86 35.95 
“> 30,01 5, 

30016 35.59 

0.762 32.89 37414 
32.0 i 

32054— 37.09 

0.3W 0.127 24.73 % | 27.92 * 
a i 24.92 Ye .54 

(oN45w) (oXo) 25 lle 29016 

ASA-SQT 0.45W 0.127 21 S205 1 
27.03 31072 

26.34 30.93 

(Ancoloy SA, 0.259 32.43—~_ 33 035\ 
94 34.50 

sintered, 31.46— 350657 

quenched 0.508 35.084—~_ 41.31, 
36.03 39.70 

and 36.23 — 38.09 

tempered) 0.762 3847 32 208. 
37.89 3.43 

BT ssa 44.79 

0.38 0.127 25.63 x =| 28.20 % 
J 5.17 ‘29.61 

(o%45w) (oYo) 25.02 aa 31.02—~             

*¥Valia Kj, Values
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From the graphs of K-apparent Vs Notch Root Radius, Fig. lA, 

& 2h, it is difficult to pin down the Effective Notch Root Radius of 

Specimens, Pe (at which K-apparent values tend to go up gradually 

with Root Radius P ); however, it seems that it lies somewhere at 

Notch Root Radius ~ 0.0635 mm. for Myo & My compacts, and ~ 0.03175 mmo 

for Ancoloy SA compacts. In Table-A II is given the relationships 

  

  

  

  

  

between es & Pe, obtained by using the formula, 

Go & Oys. 5c, for Plane stress 

= ae Sys, 5c, for Plane strains 
2 

also, Ge = ‘ 2 =Y—1 * for Plane strain 

TABLE-A II 

Materials Pe(Effective P) Prin. Ge be 
(from KN a 

Code (H) Root Radius} (“ (FH) of pores) 

(x 07 #) 

Mo 6305 4801 6.59 203 

My 6305 100.0 6.26 Fel 

My 6365 6405 6.59 2.3 

ASA-S(1) S165 86.2 4.99 Bot 

ASA-SQT(2) 31075 7609 6023 2el 

ASA-S (2) 31075 121.4 5.78 3.9             
In all cases, Pmin, < es << Pe,
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EXAMPLES OF PORES WITH VERY SHARP ROOT RADII IN 
THE SINTERED MATERIALS TESTED. 

  

1/50 P.s.4 

Fig.1A1. Mio Sintered Compacts. 

Poin. = 48. 1x10°p. 

  

1/10 P.S 4 

Pig.1A2. Moy Sintered Compacts. 

Pin. =100x10°p.



  

{1/10 P.S. —+ 

Pig.1A3. My, Sintered Compacts. 2 
Poin. =64.5x107p. 

    

1/50 P.S.— 

Fig.2A1. S(1) Sintered Compacts. 

  

Poin. =86.2x107p.



  

Pig.2A2. ASA-SQ' 

      

1/50 P.S.pe 

Fig.2A3. ASA-S(2) Sintered Compacts. 

Pmin. =121.4x10°p.
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SYNOPSIS 

A range of notched, sintered maraging and diluted maraging 

steel compacts have been fatigue tested in three point bending with 

two levels of notch root radii. The number of cycles to produce a 

detectable fatigue crack correlated well with an empirical parameter 

of the form ( AK/ ps), thereby minimising the banding effect, 

possibly characteristic in these sintered steels, Decreased fatigue 

resistance have been observed with increased sintered density above a 

eritical porosity level, Comparatively higher crack growth rate have 

been found in the highly diluted maraging steel compacts due to the 

presence of soft ferrite in the matrix, which largely superceded the 

crack blunting effect due to porosities. The micromechanism of 

fracture was of ductile dimple type in every case. 

In the sintered materials tested so far, including some 

sintered specimens of the Ancoloy SA Chee) variety, the increase 

in toughness value with the increased yield stress seemed to be the 

basic trend - a trend which would carry them into competition with 

the high-strength wrought steels.
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1. INPRODUCTION 

The most common cause of failure in modern machineries and 

components is due to fatigue, and disasters have been reported to 

result from a failure to anticipate its occurrence. A component whose 

service conditions are known, may be designed to have either a finite 

or an infinite fatigue life, depending on the economics of operating 

high strength-to-weight structures or using too great a mass of 

material at a low level of stress. A number of contemporary structures 

require, however, the utmost in materials utilisation, in terms of 

stiffness~-to-weight or strength-to-weight ratios, and these require- 

nents have led to several imaginative innovations in materials engineering. 

One of these innovations has been the development of composite 

materials, such as the diffusion-hardened metals and preealloyed 

sintered compacts, which are introducing or about to introduce new and 

interesting combinations of mechanical properties. 

In another direction, the techniques of fracture safe design has 

evolved around the discipline of linear Elastic Fracture Mechanics 

(L.B.F.M). This approach introduced the concept that the relevant 

property of a material is the force required to extend a crack through 

a structural member, and this crack extension force parameter can be 

used to rank materials in some order of fracture resistance. 

Linear Fracture design approaches a structural problem in a 

pragmatic fashion, attempting to answer the following questions: 

For a given design stress, what is the largest crack which can be 

tolerated without failure (or vice-versa)? The fantasies of perfect 

materials and infallible fabrication are swept away, and the designer 

considers, instead, the resolving power of the best inspection he is 

willing to provide for a particular application, and this is true for 

statically loaded as well as cyclically loaded structures.



There is a profusion of data on fatigue behaviour of homogeneous 

continuum metals and alloys, and these data are more or less readily 

amenable to be processed and analysed by applying the concept of 

L.E.F.M. However, despite the rapidly increasing application of 

sintered metal parts over the past thirty-five years, little attention 

has been paid to their toughness and fatigue behaviour. Sintered 

materials are, by definition and nature, heterogeneous materials. 

So, a persistent question is concerned with the applicability of the 

concepts and results developed for homeeneote material models to 

heterogeneous materials, A partial answer to this question has been 

provided by previous experience of the present euthor et al,, (1) with 

Fe ~ C, Fe - Cu and Fe ~ C- Cu compacts. One should also bear in mind 

that the early use and much recent use of sintered parts has been in 

situations in which the parts have been subjected to little or no 

mechanical stress. However, during the past several years sintered 

alloys have been developed which are now chosen for applications 

involving stressing. In fact, sintered components are giving satis- 

factory service under conditions of repeated stressing as bearings, 

synchroniser hubs and baulk rings in motor-car gear boxes, connecting 

rods, gears in hydraulic pumps, valve rocker brackets in internal 

combustion engines, sliding clutches in bicycle three-speed hub gears, 

(2), sewing machine components etce 

The distinguishing feature of the majority of sintered materials 

is their porosity, and it is this that exercises the primary influence 

on fatigue. Some engineers believe that the inherent porosity of 

sintered materials produces a multitude of stress raisers, but accord- 

ing to Times), this is probably influential only at very high stress 

level, providing the pores are small, Such small porosity is relatively 

easy to produce in a 905 - dense sintered part, and its uniformity



and consistency can be very hich in comparison to castings, forgings, 

and even wrousht metal. In practice, castings have always been plagued 

with surface and sub-surface porosity due to gas effects, and erratic 

molten metal-flow. Forgings and wrought metals have inclusions, and 

porosity which often appear at the surface and can be concentrated in 

some areas to make the condition worse. Forgings also have oxides in 

the surface caused by the hammering of oxidised billets. 

In fatigue, it is recognised that one of the most influential 

factors is the quality of the surface finish, Sintered steel is 

  

excellent in this regard. The ease with which a very high quality of 

finish can be produced is well- known, particularly with parts that are 

eu denee as 90%, This ability, it is believed, can produce a better 

fatigue-life picture than that now found in production of parts made 

of conventional material. 

If a higher order of fatigue strength is desired, there is avail- 

able a rather simple and comparatively inexpensive patented method of 

(3), improving it considerably This involves the shot peening of a 

porous sintered surface to close the pores and then re-sintering to 

(4), bond the closure surface This has proved very successful in the 

production of some sintered parts, e.g. roller chain bushings used in 

cars. 

Another factor that is important in this comparison with conven- 

tional materials, is the fact that a normal sintered-metal part has 

none of the disparities found in castings due to liquid-metal flow or 

differences in rates of freezing. Also, it has the same properties in 

the transverse as in the longitudinal direction. This is a major 

strength reducer in forgings where the transverse properties can be 

50% lower. Moreover, mass production of simple sintered components 

to close tolerances at competitive cost is already a reality in 

automotive industrye



Maraging steels made a commanding appearance in the metallurgical 

scene in the early sixties as one of those super-alloys, with the 

interesting combination of high strength and toughness values(215110-16) | 

In subsequent years, an abundance of data have been extracted on their 

crack propagation characteristics and fracture toughness, weldability 

Bio eet Ub 18) | and as a consequence, these steels have already 

found applications in aircraft landing gears, aircraft arrester hooks, 

space vehicle cases, gimbal bearings, hydrofoil struts, torque trans- 

mission shafts, bolts, dies for cold forging, entrusion press Tams 4 

ete. (t9), However, as stated before, there is a general lack of data 

on fatigue behaviour of sintered materials, and sintered maraging 

steels are no exception. 

In the present study, the fracture toughness and fatigue behaviour 

of a representative maraging steel produced from pre-alloyed powders, 

have been investigated. Properties of sintered maraging steel compacts 

made from elemental powders have been found by Snape and Veltry(224) 

to be inferior to those made from pre-alloyed powders. Based on the 

(13) experiences of Fischer and Yates and Hamaker?) @ composition of 

0.03 © max. 17.50 to 18.50 Ni, 7 to 8 Co, 4.5 to 5.5 Mo, 0.4 to 0.6 Ry 

0.01 P max, 0.10 Si max, 0.1 Mn max, 0.01 S max, 0.10 Al, 0.01 Zr and 

0.003 B had been selected and subsequently diluted with 25% and 50% 

iron powder, grade ASC.100.29 (Hosanas), to yield two more varieties 

of sintered powder compacts, Besides these, another variety of powder 

compact made from pre-alloyed powders with the patent name of Ancoloy 

SA (Hoganas) and containing 1.50 Cu, 0.50 Mo, 1.75 Ni, 0.01 C, 0.16 

Si055 95.98 Fe, had been tested after sintering and heat treatment. 

A low titanium variety of maraging steel compacts had also been tested 

for toughness, crack initiation and propagation studies.



The present investigation is primarily aimed at assessing tough- 

ness, crack initiation and propagation characteristics of the range 

of sintered materials mentioned earlier, using the concept of Fracture 

Mechanics. 

Often engineers and designers are reluctant to use sintered 

materials despite their advantages in certain situations. Therefore 

it seems highly desirable that their attention should be drawn to the 

potential of sintered materials and that data about their properties 

and behaviour, including fatigue, should be available to them. Only 

when they become aware of the potential will sintered materials be 

exploited most effectively and be presented as viable materials to 

compete with high strength steels and other materials.



26 LITERATURE REVIEWS 

In order to limit this review to sensible proportions, only 

the literature directly relevant to the present study has been included, 

and only interesting aspects on some related topics has been touched 

  

upone 

Be LITERATURE REVIEW PART I (a) - MARAGING STEEL 

Jole Introduction 

Because of the high atrenett and toughness combinations 

achievable in the maraging steels by age - hardening of their iron- 

nickel martensitic microstructures, these materials have come under 

intensive study in recent years, specially by aerospace designers and 

(20) ints de inentieuieriyaieue of the missile system engineers 

important iron-based 18% Ni, Co and Mo alloys, additionally hardened 

with Ti and Al, But, in spite of the rapidly increasing volume of 

data on these alloys, there is still no satisfactory understanding of 

the basic physical metallurgy of these complex precipitation - 

hardened martensitic alloys. Indeed the basic hardening mechanisms 

involved are still open to much question. For example, though 

synergistic effects of Co-Mo interactions have been suggested by 

(a1) | no clearly defined mechanism for this has yet been 

(20) 
Decker et al. 

demonstrated 

342 Some basic characteristics 

Several basic characteristics of maraging steels are directly 

related to the characteristics of the iron-rich end of the iron-nickel 

phase diagram. Actually two diagrams must be considered, The first



is the equilibrium diagram, Fig. 1, as given by Qwen and tin(22), The 

essential point to be noted is that at lower temperatures, the 

equilibrium phases for alloys containing 3-30% Ni are ferrite and 

austenite. 

The austenite-martensite transformation characteristics in iron- 

(23,24) 0a axe 

(23) | 
nickel alloy have been studied by several investigators 

shown in the metastable equilibrium diagram of Jones and Pumphrey 

Fig. 2. In practice, if an alloy containing, say, 18% Ni is cooled, 

from the austenite field, the austenite will not decompose into the 

equilibrium austenite and ferrite compositions, even if held for very 

long times in the two-phase region. Instead, with further cooling, 

the austenite transforms to martensite that has a b.c.c. crystal 

structure. 

If the martensite is reheated, one of two things may happen. 

If the alloy is brought to a temperature below the A, temperature (i.e. 

the start of the a-y transformation shown in Fig.2), the martensite 

will decompose into the equilibrium austenite and ferrite compositions 

ise. the martensite reverts to the equilibrium structures given by 

Fig. 1. The rate of this reversion reaction depends upon the 

temperature, and fortunately for maraging steels, the rate at temper- 

atures of the order of 485°C (900°F) is slow enough for considerable 

precipitation hardening to be achieved before the reversion reaction 

predominates. 

If, on the other hand, the alloy is heated above. the A, 

temperature the martensite transforms by a shear reaction back to an 

austenite of the same composition. Fig. 2 indicates only that alloys 

containing up to 3376 Ni transform martensitically. 

The martensites at 18% Ni and above, form by diffusionless 

shear as in conventional steels, but the nature of transformation and



product contrast sharply with that of conventional carbon steels in 

that: 

(a) Section-size effects are small due to an insensitivity 

of the martensite reaction to cooling rate and the lack of higher 

temperature-diffusion controlled austenite decomposition to carbide 

phases, Thus rapid quenching is not required and hardenability is no 

problem. 

(b) The transformation can proceed both athermally and 

isothermally. 

(c) The martensite structure exhibits no tetragonality; 

but rather, is body-centred cubic. 

(a) Tempering does not occur upon reheating of the 

martensite, As in (c) and (d) above, this is due to absence of carbon. 

Finally, the hysteresis of the transformation seen in Fig, 2 allows 

considerable reheating of the martensite for ageing (in the presence 

of alloying additions) before reversion to austenite occurs. This 

step is designated as iatasine lo). 

It is desired to further strengthen this iron-nickel 

martensite to a level of engineering interest, but with a minimun 

loss of toughness. In the 18% Ni maraging steel selected, the 

hardening is achieved mainly by Co, Mo and Ti. 

3.3 Main types of maraging steels 

Three main types of maraging steel currently exist and are 

specified by their nickel contents, These are the 20% and 25% Ni 

maraging steels, which still persist despite their inherently 

complicated treatments, and the 18% Ni variety. The 16% Ni maraging 

steel is the most popular and is subdivided according to the attainable 

yield strengths which vary due to slight differences in composition



and treatment. The three common grades are designated as 18 Ni (200) 

(250) and (300), the figures in brackets referring to the yield 

strengths in Ksi. A very comprehensive review of all these steels 

along with their physical and mechanical properties is given by 

Decker et al (20) | The essential difference between the 18% Ni grades 

and the higher nickel types is the absence of Co and Mo in the latter 

and consequently these attain strengths only equivalent to those of 

the 18% Ni (25) grade. Detailed discussion of higher #Ni types of 

maraging steel is beyond the scope of this reviews 

3o4 _ Heat Treatment and Properties 

Basically maraging steels require a solution treatment which 

serves to dissolve the precipitate phase elements into the matrix and 

to render the matrix martensitic on cooling. This is the most suitable 

conditions for working operations as it is relatively soft and ductile. 

To harden the steel, the precipitates must be formed by an ageing 

treatment i.e. by holding at an elevated temperature which is 

sufficient to accelerate the precipitation process without causing any 

reversion of the martensite back to austenite. 

The standard heat treatment of the 18% Ni maraging steel is 

amnealing for an hour per inch of thickness at 615°C (1500°F), followed 

by air cooling to room temperature, and then ageing at 485°C (905°F) 

for 3% hours. Higher annealing temperatures produce coarse grain sizes 

which reduce strength and ductility. That the choice of annealing 

temperature can markedly affect the final properties of the steer 22) 

is illustrated in Fig. 3, which clearly shows the optimum annealing 

temperature to be 815°C. Based on this figure, an ageing temperature 

of 485°C. (905°F). has been selected not entirely for optimum 

properties, but to approach such properties im a reasonable ageing time.
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It is also interesting to observe from the figure that the 

hardness rises rapidly e.g. from 400 to 450 D.P.N. within the first ten 

minutes of ageing at 485°C. Softening at this ageing temperature 

does not occur until over 200 hours, The softening has been shown to 

be due mainly to reversion to austenite rather than over ageing of 

this precipitate. Increasing the ageing temperature causes the peak 

hardness to occur at shorter times. 

Ageing between 470°C (880°F) aria 500°C (930°F) results in 

yield strengths of 1929 MN/n? (280 Ksi) to 1964 MN/m? (285 Ksi) ana 

tensite strengths of 1998 MN/mn? (290 Ksi) to 2033 W/m? (295 Ksi) 

combined with 12% elongation and 55% reduction in area, For such 

strength levels, this ductility is very high, Figo 4. 

The M, and M, temperatures for the 16% Ni maraging steel 
f 

are 160°C and 100°C respectively so that on air cooling to room 

temperature, the structure is fully martensitic. However, raising the 

percentage of Nickel lowers the My and causes austenite to be retained 

at room temperature. Ni lowers M, by 40°C for every additional 1%. 

3.5 The Structure of Marazing Steels 

3.5.1. The Matrix 
The matrix of maraging steel is ductile B.C.C. martensite 

formed by a diffusionless shear reaction. The phase diagram shows 

that the equilibrium phase of these iron-nickel alloys is either alpha 

or alpha + gamma. In practice, slow cooling results in the formation 

of martensites in all but those alloys containing less than 10% Ni 

which can form alpha and those alloys containing more than 33% which 

remain austenitic, The type of martensites formed in the 10-25% Ni 

(26) | alloys is termed "massive" The composition limits are not exact
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and vary not only with cooling rate, but also the annealing temperature 

and interstitial content (25), There is evidence that after ageing, 

a massive martensitic matrix gives better toughness than a twinned 

martensite encountered in maraging steels containing more than 25% Ni. 

The structure of massive martensites consists of a series of elongated 

laths or platelets with wavy interfaces and containing a high density 

(26) of dislocations. According to Patterson and Wayman » the disloca- 

tions in structures of this kind tend to’lie in fi23] directions e 

The platelets lie in parallel groups separated from neighbouring 

groups by low angle boundaries. Typically, three such groups may lie 

within the boundary of an old austenite grain which will itself be a 

high angle boundary. The masses are made up of parallel shear plates 

and individual shear plates are not resolvable by etching, The 

martensite plate orientation relationships follow the Kurdjumov- 

Sachs rule i.e. 

(121) ne (012), 

[Fio}, uw [332], 

It can be seen that the coincidence of the slip planes and direction 

of the parent and product lattices allows simple slip to form one 

from the other without any twinning, somewhat similar to the reaction 

(27), which occur in very low carbon steels 

J0de2e0 Effects of Alloying Elements 

Many different substitutional alloying elements can produce 

age-hardening in Fe-Ni nartensites. The degree of hardening, however, 

may vary appreciably with changes in the Ni content or with variations 

in the ageing kinetics or the reversion reaction. In addition, there 

can be rather strong interactions between particular combinations of 

elements, such as that between Co and Mo. Qualitatively, though one
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can classify the alloying additions roughly as follows: elements 

that produce "strong" age hardening (Ti); "moderate" hardeners (Al, 

Mo, Mn, Si); and "weak" hardeners (Co, Zr). 

The higher strengths in the 18% Ni maraging steels are 

achieved mainly by increasing the Ti content. For each 0.1% Ti, the 

yield strength is increased by 68.9 MN/m? (10 Ksi). The NTS/TS ratio 

decreases in air melts containing more than 0.4% Ti. This drop-off is 

very sharp for maraging at 485°C (905°F)-dropping to a NTS/TS ratio 

of 1 at 0.6 to 0.7% Ti. A Ti content of 0.7% was found to be the upper 

(10) limit by Decker et al » to preserve the excellent air melting 

characteristics of these alloys, Fig. 5. Above this level, dross and 

films develop. 

Ti also causes segregation and the fact that Ti lowers the 

M, temp. by 40°C per 1% addition means that excessive amounts of Ti 

(28), may result in bands of retained austenite Ti also neutralises 

residual carbon and nitrogen by removing them from solution in the 

martensite. 

Mo is a less powerful hardener, increasing strength by only 

14 MN/m? (~2Ksi) for 0.1% addition. Mo (up to 5.4%) in Fe-Ni alloys 

had been claimed to increase toughness by preventing segregation or 

precipitation at the grain boundaries thereby lowering the propensity 

(5), to failure through grain boundary cracking However, Banerjee and 

(20) Hauser dispute this claim, They did find grain boundary precipi- 

tation in Mo containing Fe-Ni alloys. In previous studies by Floreen 

(5) and Speich » these precipitates might have been missed because of 

etching specificity, Banerjee and Hauser, in their turn, however, 

could not put forward any alternative explanation for the toughening 

by Mo.
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Perhaps the most interesting strengthening effect in 

maraging steels is that due to the combination of Co and Mo. Decker 

et al. (20) found that the hardening when these two elements were 

present together was much greater than the sum of the strength increments 

produced when they were added individually. Although this effect was 

not observed by Banerjee and Hauser (20) | the data of at least three 

(5, 29, 30) show this general trend. other investigators 

As pointed out before, moderat¢é age-hardening results from 

Mo additions. In fig.6 are shown the effects of Mo and Mo+7% Co on 

maraged hardness. A strong additional effect from the presence of Co 

can be seen. Fig.7 reveals the synergistic effect (defined as 'the 

co-operative action of discrete agencies such that the total effect 

is greater than the sum of the two effects taken independently' (20), 

of Co with Mo on maraging steel between 427°C (800°F) and 485°C (905°F). 

Maraged hardness increased linearly as the product, Co times Mo, 

increased between the limits of 1.7 Co., 1.8 Mo to 7 Co, 5.4 Mo. 

It is possible by increasing this product to obtain alloys that show 

only a change from Rockwell C~25, in the absence of both Co and Mo, 

to Rockwell C-30 in the annealed martensitic condition, but then 

exhibit very strong maraging to give hardness above Rockwell C-50. 

With this balance of strong maraging effect and weak solid 

solution hardening, a tough martensite matrix is maintained even with 

high strength. This appears to be the key to the remarkable toug}mess 

of the Ni-Co-Mo steels. 

In the Mo-containing alloys, the strength increases by 517 

MN/m? (75 Ksi) by the Co addition, though Co itself supplies only a 

relatively small, roughly additive strengthening contribution, The 

addition of Co results in a finer dispersion of precipitates in the 

(16) Mo-bearing Fe-Ni alloys; since Co has not been found by Floreen
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to be present to any extent in the Mo precipitates, he considered that 

Co might have lowered the solubility of Mo in the matrix and this 

increased the amount of Mo precipitate. Miller and Mitener1 (3) also 

came to this conclusion. It is considered that a Mo-based precipitate 

is nucleated on dislocations within the martensite plates and that this 

precipitate will be most affected by Co addition. Co may also lower 

the solubility of Mo in the matrix so that an improved distribution of 

the precipitate and an increased volume fraction of the precipitate 

could be formed for a given Mo content, Strengthening due to Co 

addition increases in a continuous fashion and it is thought that 

hardening at the 187% Ni-8% Co level may be due to a low degree of long- 

range ordering, Co is also considered to lower the resistance of the 

matrix to the passage of dislocations and to lower the interaction 

(32), energy between dislocations and interstitial atoms According to 

(20) Banerjee and Hauser » the matrix strengthening by Co addition is 

due to lowering of stacking fault energy (SFE) of the matrix. The 

lowered SFE discourages cross slip and retards cell growth, Thus, 

the average dislocation density is increased, which provides more 

numerous nucleation sites for precipitation. The resulting increased 

barrier to dislocation movement causes the observed increased hardnesse 

In the 18% Ni maraging steels, Mn and Si should be kept 

pelow 0.1% and C should be 0.03% (maximum), otherwise ductility and 

notched tensite strength will be markedly reduced. 

As only a small amount of Mn is available for sulphide 

formation, a maximum $ content of 0.01% is specified. P content 

should also be kept below 0.01%. 

Because of the need for low Si and Mn contents to ensure 

adequate deoxidation and desulphurisation, Al and Ca are added, B and 

Zr additions are used to suppress harmful grain boundary precipitation, 

thereby improving toughness and stress corrosion (32),
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Bedede Physical Metallurgy and Hardening Mechanisms of Maraging 

Steel 

The primary attribute of maraging steels is their excellent 

combination of strength and toughness. This seems to be especially 

true of the 18% Ni grades, which in general have a toughness superior 

to that of the other grades at higher strength levels. 

In the case of strengthening mechanisms, the yield strengths 

of unaged maraging steels are typically ~700 MN/m?. After mzraging, 

the increase in yield strengths of the various 18% Ni steels range 

from 700 N/m? to 1400 MN/m?. The precipitation strengthening of this 

magnitude can be accounted for quite reasonably by an Orowan relation- 

ship, Cefo 

  

a ses GB) 

where oO is the total strength, o, the matrix strength, a 

is a constant, G the shear modulus, b the Burgers vector, and A the 

interparticle spacing. After maraging, the values of A are of the 

order of 300-500 angstroms, and the corresponding strength increments 

are ~700-1400 MN/m? Thus an Orwan-type hardening involving disloca- 

tion motion between the precipitate particles can account for the 

strengths observed (33534), 

On the other hand, Detert (259 36) has suggested that 

hardening could be controlled by the stress necessary to shear through 

the precipitate particles. Reisdorf and Baker (34) have observed 

however, that the structure of the 16% Ni (250) steel showed tangles 

of dislocation around the precipitate particles, and also instances 

of dislocations bowing between the particles,
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The reasons for the superior toughness of the 18% Ni maraging 

steels are not clear, It has often been noted that the elimination of 

C and other deleterious impurities should be beneficial. Also the 

relatively uniform precipitate distribution achieved by age-hardening 

in a massive martensite matrix would be helpful. 

The particular mechanism, which operates contributing to 

hardening, depends upon the nature, size and density of the precipi- 

tate distribution. Much work has been done towards identifying the 

composition and structure of these precipitates, Floreen (16) has 

reviewed the results of 22 efforts to analyse the precipitate phases 

which are by no means in agreement. A general trend, however, suggests 

that Mo precipitates out as BaMo under normal ageing conditions. 

This is a metastable phase, being replaced, on overageing, by Fe Mo 

or a sigma phase. Ti generally appears to form NisTi but this is 

generally difficult to identify in the presence of Ni,Mo, and so a 

complex Ni, (lo, may actually exist (27), Other elements are found 

to be present in these precipitates but Co is the exception, appearing 

to remain entirely in solution. Most workers (591620, 34,37) 

consider Mo to be the primary hardening element and Ti as the 

secondary hardener. 

Much of the controversy arises out of the need to overage 

precipitates in order to extract them for analysis and the existence 

of Fe,Mo and austenite in the matrix are undoubtedly due to this. 

Miller and Mitchell (31) quote Fe,}o in preference to Ni,Mo as the 

primary hardening precipitate. They consider that in maraging steels, 

in the overaged condition, the Fe Mo precipitate is spheroidal, but 

in the fully aged condition, the precipitate is disk shaped, having 

a f.c.c. structure, This suggests that the hardening mechanism of
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Mo may be summarised as: 

Massive — aged —> disks overaged ——P> Spheroidal 
martensite f.c.c. precipitate 

zones Fe Mo 

By this mechanism, there is a gradual increase in the packing 

  

density of the atoms and by examination of interplanar spacing, it 

may be assumed that the {110} ferrite planes are parallel to the 

G00} planes of the f.c.c. zones which, in turn, are parallel to the 

{112} Fe Mo planes. Ploreen‘26) describes Ni,Mo as H.C.P. structured 

and rod or ribbon shaped which forms coherently and whose growth is 

limited in that form by increased coherency stresses and these may 

lead to the nucleation of the equilibrium precipitate. 

The addition of Ti to 18% Ni maraging steels results in the 

formation, in the overaged condition, of a lath-like Widmanst¥tten 

precipitate formed with its long axis parallel to the <111> direction 

of the matrix, and having the composition and structure of Ni, Tie 

However, in the condition of maximum hardness, although a Widmanst¥tten 

precipitate is present in thin foils as observed by Miller and Mitchell 

(31) and can be associated with streaking of the thin foil diffraction 

patterns, a fine spheroidal precipitate is also present in an amount 

much too plentiful to result from the viewing of laths end-on. 

Miller and Matcher 22) found faint spots in the {100} matrix 

reflection positions, but these cannot result from either streaking 

caused by the precipitate, or double diffraction, but are an indication 

of ordering. It seems probable that ordering may occur as a pre~ 

precipitation reaction, involving the spheroidal zones. This ordering 

could possibly be based on the NiTi, By structure or more likely on a 

metastable Ni,Ti, DO; structure. Co, which also forms ordered b.c.ce 

compounds with Fe, could possibly stabilize formation of these ordered 

zones at peak hardness even though, in the final equilibriun precipitate,
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Co is not present in detectable amounts, Thus the hardening mechanism 

of Ti may be suggested as: 

1 2 3 

Massive —— aged—p> Zones of order —f» Widmanst&tten 
martensite Ni, Ti (20;) precipitate 

Mi ,Ti (D0, 4) 

where peak hardness occurs between 2 and 3. 

Although ordering by Co addition would be a convenient 

explanation, and strength has been found to increase with Co content 

without its presence in the precipitate form, and even without Mo 

present in the alloy, the ordering theory has not been widely accepted 

and no evidence has been put forward to support it (26) | because in 

the ordered Fe-Ni~Co alloys, it is difficult to obtain direct structural 

evidence by X-Ray or electron diffraction techniques. Miller and 

Mitchell Ga) suggest that the peak hardness due to the Co-Mo inter- 

action would be reached slightly later than that due to the Ti precipi- 

tate. 

The ultra high strength with good ductility, which character- 

izes the 18/Ni maraging steel is probably due to the combination of 

the ferrite/austenite transformation with the conventional precipi- 

tation hardening mechanisms, Thus, a larger quantity of precipitate 

can be dissolved in the austenite at a fairly low solution temperature, 

a grain-refining process occuring at the same time as the solution of 

the precipitate and the massive martensite transformation which occurs 

during cooling results in a matrix with a high dislocation density 

ideal for precipitation hardening.
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4. LITERATURE REVIEW PART I (b) 

41 Ancoloy SA 

Ancoloy sal 37h) is an iron powder containing Cu, Ni and Moo 

Mixed with graphite, it is especially intended for parts to be heat 

treated. Affer hardening and tempering, a high ultimate tensile 

strength in combination with a certain ductility is achieved, The 

alloying elements facilitate the hardening, and very consistent 

hardness without any soft spots is achieved. 

Ancoloy SA is manufactured from sponge iron and the indivi- 

aval particles, therefore, have a spongy irregular shape contributing 

to a high green strength of the compacted component. The individual 

particles mainly consist of unaffected pure iron (ferrite) to which 

the finely divided alloying elements are diffusion bonded. Therefore, 

Ancoloy SA has a very high compressibility. The risk of segregation 

of the alloying elements in the mixture is eliminated. As the 

alloying elements are added in a very finely divided form, they 

diffuse rapidly into the iron particles during sintering. Thus, the 

additions are well utilized. The addition of Cu and Ni are so balanced 

that a very small dimensional change takes place during sintering and 

heat treatment. The Mo added raises the hardenability considerably, 

and consequently, the material becomes less sensitive to minor changes 

of hardening variables, All three of the alloying additives have less 

affinity to oxygen than iron. Therefore, when sintering ancoloy S.A. 

the same atmosphere can be used as for the sintering of normal iron 

powder with low H,-loss. If close tolerances with regard to the 
2 

amount of combined carbon in the sintered part are desired, the carbon 

potential of the sintering atmosphere has to be thoroughly controlled 

or closed sintering boxes should be used.
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De LITERATURE REVIEW PART IL - GENERAL PRINCIPLES OF SINTERING 

5el Introduction 

The term "sintering" is commonly used to refer to the 

amealing treatment by which powders are consolidated into coherent 

and/or dense polycrystalline aggregates. The technological importance 

of this process hardly needs emphasizing. It is one of the most 

important and versatile methods of integration of materials in 

metallurgy and ceramics. Fast development of the art of powder 

technology in modern times necessitated better scientific understanding 

of the processes involved in sintering, the central problem of powder 

technology o> 

To be generally valid, however, a definition of sintering 

must satisfy the following essential factors: 

(a) A liquid phase is present only to the extent that it 

leaves a solid skeleton behind. 

(b) A decrease in free enthalpy of the system, which 

represents the driving force of the sintering process, results from: 

(i) Diminution in the specific surface area due to 

initiation and/or growth of contacts (necks). 

(ii) Decrease in pore volume and/or the surface area of the 

Pores } 

(44) Elimination of non-equilibrium states in the lattice. 

(iv) Important properties approximate to those of the 

compact, porosity free material, 

(38) " " 
On these bases, Thummler and Thomma have proposed the 

following definitions: 

'By sintering is understood the heat treatment of a system 

of individual particles or of a porous body, with or without the
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application of external pressure, in which some or all of the 

properties of the system are changed with the reduction of the free 

enthalpy in the direction of the porosity-free system. In this 

connection, at least enough solid phases remain to ensure shape 

stability.' 

It is clear that sintering of powders involves two broad 

phenomena: (a) adhesion or welding of surfaces together and 

(>) change in shape of the particles +o permit more and more of 

adhesione Without (a) there is no sintering at all, and without (b), 

there cannot be any densification. 

52 Sintering Mechanism 

It is not possible to deal with all the aspects of this 

complex field in this survey, so only the main factors of influence 

will be considered. 

The tendency of a system to assume its state of lowest free 

energy is the driving force for sintering. At high temperature, the 

powder compact approximates to the stable state, with the co-operation 

of all the transport mechanisms concerned, The excess free energy 

exists in the compact in the form of surface energy of all interfaces, 

including grain boundaries, and as excess lattice energy in the form 

of vacancies, dislocations and internal stresses. 

The surface energy remains more or less constant during 

compaction, as it is an intrinsic property of the powder. What es 

dependent upon the compacting operation to a greater extent, however, 

is the lattice, or internal energy factor, and the number of metal- 

to-metal contacts. The former increases due to the formation of 

dislocation vacancies, and internal stresses, and the latter increases 

with compacting pressure. The high free energy level of the compact
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leads to the sintering reactions which occur at high temperatures. 

5 ede The stages of Sintering 

There are three distinct interconnected stages of sintering: 

(a) The early stage of neck growth. In this stage, neck 

growth proceeds according to an exponential time law, and the powder 

particles remain as individual, since it is still not possible for 

strong grain growth to take place beyond the original particle. The 

tensile stresses resulting from surface tension maintain the grain 

boundaries between two adjacent particles in the plane of contact. 

However, the occasional formation of new grains is possible. The 

midpoints of the particles approach only slightly corresponding to a 

small contraction, but a marked decrease in surface activity takes 

place. 

(bv) The stage of densification and grain growth. When the 

x/a xatio, Fig. 8, exceeds a certain value after intensified neck 

growth, the separate particles begin to lose their identity, Most 

of the shrinkage takes place at this stage, where a coherent network 

of pores is formed, and grain growth continues. This is somewhat 

overlapping start of third stage sintering. As channels are lost, 

the geometric form of the pore network becomes simplified (40) , 

Instead of a complete network, the disconnected parts degenerate into 

trees, with systems of branches that connect to nothing else. The 

tips of the branches may be absorbed into the parent limb, or they 

may be cut off to become isolated pores, Fig. 9. 

(c) The final stage with closed pore spaces. At this 

stage, the "genus" or connectivity of the pore network becomes zero, 

with very small tendency to densify further. This is because the 

isolated pore shapes tend to become spheroidised. The third stage
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is finally characterized by a reduction in the number of these 

isolated spheroidised poreso 

504 Possible Mechanisms of Material Transport 

Table 1 enumerates all the conceivable mechanisms of 

material transport that can occur in sintering processes (38), 

Possible elementary processes (transport mechanisms )during sintering 

  

IA Without material transport Adhesion 

  

1B With material transport 
(Movement of atoms over 
increased distances) 

Surface diffusion 
Lattice diffusion 
via vacancies 

lattice diffusion 
via interstitials 

Grain boundary 
diffusion 

Vaporisation and 
re-condensation 

Plastic flow 

Grain-boundary 
Slip 

fovenents 
of individual) 
lattice 
structural 
components 

Movements 
of lattice 
regions 

  

Cc With material transport 
(movement of atoms over 
very small distances)     Recovery or 

recrystallisation   
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Although adhesion occurs in every type of particle contact, 

it is not likely to constitute the dominating mechanism except in 

impact sintering. (42) 

The transport mechanisms listed in Table IB might be 

supplemented by viscous flow associated with self diffusion co-efficients. 

This is the same as ‘diffusion creep' according to the Nabarro- 

(42) Herring mechanism » where an 'oriented' diffusion is activated by 

external stresses. ; 

It is extremely probable that surface diffusion occurs in 

all sintering processes. The rounding off of the internal and 

external surfaces and pores is produced by surface diffusion which 

requires the least activation energy of all types of diffusion. 

lattice diffusion by a vacancy mechanism is the most important. 

Vacancy gradients exist between the undistorted lattice and both 

curved surfaces and pore edges, between surfaces having different 

curvatures and between the distorted and undistorted lattice. Vacancy 

sources can be small pores or concave surfaces, while vacancy sinks 

can be larger pores, convex surfaces, and grain boundaries, This 

process can lead to densification. 

Interstitial diffusion has not been studied in much detail, 

In cases where it might have a strong influence, for example, on neck 

growth, phase separation must always occur. 

Vaporisation and recondensation have been observed to be the 

predominant mechanism in some cases, mainly in metallic oxides where 

the vapour pressure is high. Flow processes are no longer thought to 

be of major importance, but have enabled the mechanisms of hot 

pressing to be understood. 

The relative importance of the above mechanisms depend solely 

3 
upon the system concerned. Kuczynai (42) has carried out an
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experimental approach to the determination of these mechanisms by 

(42) using wire-wire and wire-bar models, Herring formulated his 

‘scaling laws' from these model data and suggested experiments in 

which a group of particles of the same material with different radii 

=Aa, are sintercd until their necks bear the relation- ay and a, with a. 
2 1 2 

ship xy BAX, Fig. 8. The times required to reach this neck radius 

relationship would be ty and ty with ty = tos where H is Herring's 

Scaling factor. The relationships between H and A would then deter- 

4 
mine the mechanism, with H = A 3 for volume diffusion, H = A° for 

surface diffusion te?) The time law of neck growth can thus give 

(44), an indication of the predominant sintering mechanism 

5 ede Sintering of multicomponent systens 

In the case of mutual solubility of the systems, it is 

necessary to differentiate between: 

(a) Sintering homogeneous solid solutions (with a 

concentration gradient) 

(bv) Sintering with simultaneous homogenisation 

(c) Sintering with the decomposition of solid solutions 

Thummler studied the systems Fe-Sn, Fe~Mo, Fe-Ni and Cu-~Sn 

with up to ~2 at,% of the second metal in homogeneous solid solution. 

He found the sintering behaviour to be closely related to the physical, 

and thermodynamic properties of the solid solutions. Strong promoting 

or inhibiting effects can be observed due to the different partial 

diffusion co-efficients of the constituents. New vacancies are 

continually formed and if they coagulate to form new pores, they 

have an inhibiting action, by producing the Kirkendall effect 

(preferential penetration of one phase into the other). The formation 

of a new phase (reaction sintering) is associated with expansion
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phenomena in many cases. The result of the different atom mobilities 

is that a large amount of diffusion porosity is formed and along with 

the inherent brittleness of many phases, this can lead to premature 

failure of some compactse 

5 be Liquid Phase Sintering 

This field occupies a special position attributable to the 

different mechanisms such as: A 

(a) ‘he ease of diffusion in melts 

(b) The possibilities of re-ordering of the phase remaining 

solid in the melt, and 

(c) Rapid dissolution and re-precipitation 

These play a major part in solid/liquid systems compared to the 

predominance of diffusion in the solid state. 

Based on phenomenological observations, Kingery 02) 

considered three distinguishable stages: c 

1. Rearrangement of the particles of the residual solid 

phase by viscous flow in the liquid phase. In this case, wetting of 

the solid by the liquid is the important factor, not solubility. 

2. Dissolution and re-precipitation. At least limited 

solubility is necessary and densification is slower because transport 

is dependent upon solution and diffusion in the melt. Small grains 

with strongly convex curvatures disappear while larger ones assume 

amore regular shape. The driving force is the enhanced chemical 

potential in the contact zones due to higher compressive stressese 

This leads to dissolution in these regions and precipitation in 

regions of lower stress. In case of complete wetting (angle of 

contact =0°), the grains remain separated by films of liquid. 

Be Coalescence. In the case of incomplete wetting



27 

(angle of contact <90°), the solid grains are partly in contact 

without the interposition of the melt, and processes such as those 

formed with solid phase sintering can occur, and become rate- 

determining. 

A non-wetting liquid phase (contact Angle >90°) is 

ineffective or inhibiting and usually exudes partially from the 

sintered compact in the form of droplets. 

In the case of Fe-Cu, the liquid metal dissolves into the 

iron matrix giving a growth component in addition to shrinkage upon 

sintering, This enables closer tolerances to be achieved, and so is 

of some technological advantage.
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57 THE HOMOGENISATION BEHAVIOUR OF MARAGING STEEL POWDER AND 

IRON POWDER MIXES. 

The homogenisation behaviour of maraging steel and pure iron 

powder mixes can be understood by considering the geometry of the 

compacted mass, which may be idealised to spherical particles of the 

minor constituent (i.e. 25% pure iron powder in case of My series) 

embedded in a continuous matrix of the major constituent (i.e. maraging 

steel powder in the rest of M, series). This situation is shown in 
a 

Fige 9A. The idealised geometry can be referred to as the concentric- 

sphere model wherein each minor constituent particle has associated 

with a shell of mtr 

The homogenisation behaviour of powder compacts that approxi- 

mate the idealised, concentric-sphere geometry may be compared to the 

behaviour of ordinary diffusion couples. The principal differences 

between the concentric sphere model and diffusion couples are the 

diffusion geometry (spherical Vs. planar) and the fact that diffusion 

distances in couples are usually small compared to the size of the 

couples, whereas, in the concentric-sphere model, the diffusion is to 

be considered over the entire sphere-shell composite. The similarities 

between the concentric-sphere model and diffusion couples include: 

(a) ‘the general. form of the concentration-distance profiles, 

(b) the applicability of Fick's laws of diffusion, 

(c) the development of Kirkendall effect 

(ad) the validity of the approximation that equilibrium 

compositions are present at interfaces between phases in the multi- 

phase systems 

To delve deeper into these aspects of homogenisation is 

beyond the scope of the present work. Only those points of some
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st w 

significance and applicable to the present work will be dwelt,heres 

The progress of homogenisation in the idealised, concentric= 

sphere model, and concentration-distance profiles for the micro- 

structures can be shown schematically in Fig. 9B » The shaded areas 

represent the areas of inter-diffusiono 

From this, it appears that, for My groups of compacts, Figs 9B 

Gs) after sintering and heat-treatment, ferritic areas are embedded 

in a martensitic matrix, with interparticle and intraparticle 

porosities randomly distributed throughout the compacted mass, and 

equilibrium compositions being present at interfaces between the 

phases in the martensite-ferrite system, The pockets of ferritic 

zones might act as buffer between the surrounding martensites, and 

thus reduce volume contraction, as experienced by the maraging steel 

compacts of My group, while sintering. 

For M, group of compacts which consist of a compacted mass 
3 

of maraging steel Powder diluted with 50% pure iron powder, the 

idealised geometry can be referred to as a concentric-sphere model 

wherein each constituent particle (iron particle or pre-alloyed 

maraging steel particle) has associated with it a shell of the matrix, 

which is more or less equally dominated by either of the constituent 

particles. Fig. 9B(c,d) « The shaded areas, as usual represent the 

areas of inter-diffusion. In this group of compacts, the continuity 

of martensites is broken, after sintering and heat-treatment by the 

presence of an equal amount of ferrite, more or less evenly distributed 

throughout the compacted masse 

The variations that may exist between the idealised, 

concentric-sphere model and actual powder compacts are primarily 

geometric. The interparticle porosity, non-uniform distribution of 

particles, particle size distributions of the minor constituent, and
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non~spherical minor constituent shape can cause variations in homo= 

genisation behaviour from that predicted from the idealised model, 

In addition to these geometry effects, interparticle and intraparticle 

porosity can give rise to enhanced mass transport through the compact. 

These effects would, therefore, result in variations between homo- 

genisation behaviour predicted by volume interdiffusion models and 

experimentally-determined behaviour. 

Since the variation of concentration with distance is the 

principal structural feature to be studied in homogenisation, microprobe 

scans across the microstructure provide a direct measurement of the 

degree of heterogeneity. In Fig. 67 is shown a typical distribution 

of the elements in the sintered compacts studied. As stated 

in section 9.5, the distribution of Ti, Co and Mo is not uniform, and 

the abrupt fluctuations in the distribution curve for Ti, Al, are due 

to the presence of some complex titanium or aluminium precipitates. 

The structure of sintered materials is inhomogeneous, at 

least over short distances, as a result of irregularities in the 

particle stacking, etc, and over greater distances in compacted 

structures. If a sample containing several hundred particles is 

analysed, small scale inhomogeneities are averaged out. Any long 

range variation in the topological properties can, in principle, be 

detected by analysing samples at various locations in the sinter body, 

but it is a time consuming undertaking which has not been attempted 

for the present work.
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6. LETERATENE 1 TARE II 

Gels Relation between Young's Modulus and Porosity 

The elastic modulus iy of sintered steels and iron-based 

alloys is influenced mainly by the void content in the material and 

is relatively insensitive to changes in composition. The elasticity 

ratio H/E has been related to the porosity (€) by Nebdam(46) by the 

expression: 

Bee BQ 6) x 40° pet ene? 

where By = elastic modulus of sintered steels and iron-base alloys 

E elastic modulus of steel 

€ #8 fractional porosity. 

This limits the elasticity of these alloys to a range 0-29 x 30° psi, 

corresponding to porosities of 100% and 0 respectively 

The plot of wy 's. Iractional porosity for a series of porous 

iron-base compacts is shown in Fig. 10. The elasticity of all porous 

compacts is lowered by increasing the porosity. The decrease is 

progressively more rapid for products with more than 207% void and is 

independent of the dimensions of the particles.
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Ao LITERATURE REVIEW PART IV — THE MECHANICS OF FRACTURE 

Hiedio. Introduction to Fracture Mechanics 

An overwhelming amount of research on brittle fracture in 

engineering structures has shown that numerous factors (e.g. service, 

temperature, material toughness, design, residual stresses, fatigue, 

etc.) can contribute to brittle fracture. However, the recent develop- 

ment of Linear Elastic Fracture Mechanics (L.E.F.M.) has shown that 

three primary factors control the susceptibility of a structure to 

brittle fracture, These are: 

(1) Material Toughness (Ke, Kig)s 

Material toughness can be defined as the resistance to crack 

propagation in the presence of a notch and can be described in terms 

of the static critical stress-intensity factor under conditions of 

plane stress or plane strain. In addition to metallurgical factors 

such as composition and heat-treatment, the notch toughness of a 

structure also depends on the application temperature, loading rate, 

and constraint (state-of-stress) ahead of the notch. 

(2) Flaw Size (a). 

Brittle fractures initiate from flaws or discontinuities of 

various kinds, These discontinuities can vary from extremely small 

eracks to much larger weld or fatigue cracks. Complex structures are 

not fabricated without discontinuities (porosity, lack of fusion, 

mis-match, ete), although good fabrications practice and inspections 

can minimize the original size and number of flaws. Even though 

only ‘small! flaws may be present initially, static loading can cause 

them to enlarge, possibly to a critical size.
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(3) Stress Level (o) 

Tensile stresses (nominal, residual or both) are necessary 

for brittle fracture to occur. The stresses in many complex structures 

are difficult to analyse because of the complexity of possible dynamic 

loading, and because of the stress concentrations present throughout 

a structure that increase the local stress levels, as well as the 

residual stresses. 

All three of these basic factors are inter-related in 

brittle fractures in structures, All other factors such as tempera= 

ture, loading rate, residual stresses, etc., merely affect the above 

three primary factors. 

Engineers have known these facts for many years and have 

reduced the susceptibility of structures to brittle fractures by 

applying these concepts qualitatively, and in recent years, the 

engineers are endeavouring to specify design guidelines to evaluate 

the relative performance and economic trade-offs between design, 

fabrication and materials in quantitative manner. 

The fundamental principle of Fracture Mechanics is that the 

stress field ahead of a sharp crack can be characterized in terms of 

a single parameter K, the stress intensity factor, having units of 

MN (aie) Oat age) oth tnt stung io) paremcten;)K (ieee tated 40 both the 

stress level (o) and flaw size (a). When the particular combination 

of o and a (represented by K) reaches a critical value of K, called 

Ke, unstable crack growth occurs. 

By knowing the critical value of Ky, at failure (Ke, Eig) for 

a given structure of a particular thickness and at a specific tempera- 

ture and loading rate, the designer can determine flaw sizes that can 

be tolerated in structural members for a given design stress level, 

Conversely, he can determine the design stress level that can be
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safely used for a flaw size that may be present in a structure. 

This general relationship between material toughness (Ke), 

nominal stress (o) and flaw size (a) is shown schematically in Fig.1l. 

If a particular combination of stress and flaw size in a structure 

(K,) reaches the Ke value, fracture can occur. Thus, there are many 

combinations of stress and flaw size (e.g. oO, and ap) that may cause 

fracture in a structure having a particular value of Ke at a 

particular service temperature, loading rate and plate thickness. 

Conversely, there are many combinations of stress and flaw size (e.g. 

% and a,) that will not cause failure of a particular structure i.e. 

below the Ke line. 

The preceding L.E.F.M. analysis pertains to conditions at 

fracture. For most structural members, the tolerable flaw sizes are 

much larger than any initial undetected flaws. However, for structures 

subjected to fatigue loading, these initial cracks can grow throughout 

the life of the structure, L.E.F.M. provides a means to analyse the 

subcritical crack growth behaviour of structures under fatigue loading 

using the same conditions as at fracture. L.E.F.M. philosophy assumes 

the existence of small flaw or flaws of certain geometry in structures 

after fabrication and that this flaw can either cause brittle fracture 

or grow by fatigue to the critical size. To ensure that the structure 

does not fail by fracture, the calculated critical crack size, oe) 

at design load, must be sufficiently large, and the number of cycles 

of loading required to grow a small crack to a critical crack mst be 

greater than the design life of the atmeeaee tg 

702 Criteria for Fracture 

The first notable contribution to fracture was due to 

Grircitn 4°, who proposed an énéxay criterion Topithe exteneion of
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such a crack. This involved a balance between the elastic strain 

energy released and the surface energy created due to an incremental 

increase in its length. Thus at equilibrium, the stress was given by 

2EY \$ 
ae) C=) evccocecece (24) 

where @ = half crack length 

E = Youngs modulus and 

Y = Surface energy 

The Griffiths equation is valid only for a completely 

brittle solid; for metals where crack extension is accompanied by 

plastic flow, the increase in surface energy considered in Griffith's 

equation is several orders of magnitude less than the energy expended 

in plastic deformation. So, Griffith's criterion was subsequently 

(49) (50) modified by Irwin and Orowan to account for the predominantly 

plastic work that is involved in most metal fractures under normal 

conditions, and energy of plastic deformations or crack extension 

force G replaced the surface energy, as the controlling factor in 

brittle fracture. Thus the applied stress required to propagate an 

elliptical crack of length 2a within a lerge plate under conditions 

of plane stress is given by 

a 

ete (See Be eueete (3) 

where E is the Young's modulus and Ge represents the total work 

consumed in producing unit area of new crack surface and known as 

'oritical strain-energy release rate', the suffix ce denoting its value 

at instability. Further rationalisation of this criteria by Towin'49) 

realised the parameter Kc, defined as the ‘critical stress intensifi- 

cation factor' or the 'Fracture toughness parameter’ and is regarded 

as a basic material property and the basis of Fracture Mechanics 

concept, and which enables direct comparison between materials.
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(51) 
In contrast to Inglis work, where he considered the 

stress concentration at a crack tip, Irwin considers the stress 

distribution at the close vicinity of the tip and thus plasticity 

effects can be appreciated. For conditions of plane stress, Ke and 

Ge are related by: 

  

ge (cer) 2 eveue ee eee (4) 

and for plane strain 

ae [ss ie (5) 

l-v2 

where is the Poisson's ratio. 

From equations (3) and (4), it is evident that 

Ko oe of.(a)’, 

which satisfies Griffith's analysis and is normally used in 

the form 

Ke = Y. of. (a)? “hagsaee (6) 
where Yis called the compliance function and depends on 

erack length and specimen or component geometry and has been evaluated 

for many situations using boundary collocation techniques (9292) and 

experimental compliance ealibration(9455), Through the use of this 

geometrical factor, the data generated from the laboratory tests can 

be used in real situations. 

Subsequent to the development for monotonic loading, L.E.F.M. 

found its application to fatigue as well. Substituting the o term 

in the equation (6) by Ao, Omin, omax and Omean, the corres- 

ponding stress intensity terms can be obtained. In fact, many research 

area 0) have related fatigue crack growth rates in a variety of 

materials to stress intensity factors by means of simple equations. 

The L.E.F.M. approach is now widely used to evaluate the resistance 

of materials to fatigue crack propagation.
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es 

Three basic modes of crack surface qiceiacenerec have 

been isolated, shown in Fig. 12. These are: 

(I) The tensile opening mode. ‘he crack surfaces move directly 

apart; analogous to an edge dislocation. 

(II) The edge sliding mode, The crack surfaces move normal to the 

erack front and remain in the crack plane, also analogous to an edge 

dislocation. 

(IIT) The shear mode. The crack suffaces move parallel to the 

erack front and remain in the crack plane; analogous to a screw 

gislocetica. 59) . 

K denotes the stress intensification level for the tensile 

opening mode, and at the level of instability becomes Kyoe Irwin's 

analysis of the stress field at the tip of a crack for mode I crack 

surface displacement in a homogeneous elastic solid can be specified 

by Westergaard's (60) stress field equation for cracks: 

oi 

  

ne. acct Be. cin & 32 Cx = a tn GF (1+ sin 5 ein “5 ) 

a 8 218. 30 Sy = Bee 08D (1+ sin > sin “5 ) (7) 

  Txy = cos & sin 2 cos B 
i ene 2 2 a 

  

Oz = v(ox + oy) (Plane Strain) 

T= Tyz = 0 , Ge 0 (Generalised Plane Stress) 
4 ccs oes p28 ue @ ( ony cos 5 (1 = 2v+ sin 3 ) 

tila ae sin 2 (2-2 v = cos” 2 ) 

ws 0



where (x, e) denotes the polar co-ordinates of a point in the stress 

field taking the crack tip as origin; u, v, w are displacements in the 

X, y, 2 directions; G is the shear modulus, v is the Poisson's 

ratio, and which indicate that identical stress fields are obtained 

for identical K values, The co-ordinate system is shown in fig. 13. 

Elastic stresses are inversély proportional to the square root of the 

distance from the crack tip, and become infinite at the crack tip. 

Ted The Effect of Yielding 

An uneracked metal plate loaded in uniaxial tension is in a 

state of plane stress, The insertion of a crack does not affect the 

plate remote from the crack tip, which remains in plane stress, but 

the highly stressed material near the crack tip is prevented from 

contracting in the thickness direction by the material further away 

from the crack, and is, therefore, in a state of plane strain. In the 

interior of the plate, there is a transverse strona ol) of the form. 

os (8) 

where vis the Poisson's ratio, Fig. 14. All the plate 

oz, = V( ox + oy ) oe 

  

surfaces, however, will still be in a state of plane stress. 

In a metal, the yield stress is exceeded near the crack tip 

and a plastic zone develops; the approximate extent of this plastic 

zone can be estimated by substituting a yield criterion into the stress 

field equation. If the plastic zone is small compared with the plate 

thickness, transverse yielding is restricted and conditions near the 

erack tip approximate to plane strain through most of the plate thick- 

ness. In Fracture Mechanics, this localized plane strain situation is 

called plane strain, Fig. 15 and 16, and exists in most metals, 

provided the thickness is at least 
K 

Beste)
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where 9y is the yield stress (usually taken as the 0.2% 

proof stress), A large plastic zone means that 9 is not fully 

developed through the specimen thickness; when the plastic zone size 

becomes comparable with the thickness, yielding can take place on 45° 

planes, Fig. 17, and the stress state near the crack tip changes to 

plane stress. This happens when the thickness <<2.5 ( and 

in Fracture Mechanics is referred to as plane stresse 

The actual size and shape of plastic zone, Fig. 18, depends 

on the plastic flow properties of the material, but it is proportional 

to (Kyo / oy)*. The relaxation of stress, caused by yielding inside 

the plastic zone means that to maintain equilibrium, the stresses 

outside the plastic zone must increase slightly. The plastic zone, 

thus, increases the effective length of the crack, This effective 

increase, called Ty (a symbol for nominal plastic zone radius) is 

(49) 5 given approximately by Irwin 

Kio \2 cys & ( <r )*, for plane stress cscceee (9) 

ty = ea (i : e- for plane strain eccceeee (10) 

These corrections are only applicable when the plastic zone 

is small compared with specimen dimensions in the plane of the plate, 

and are, therefore, within the region where the stresses are reasonably 

accurately described by the stress intensity tactor’6), If the 

plastic zone becomes too large, which happens when the net sections 

stress exceeds about 0.8 oy (64) | the L.E.F.M. is no longer applicable. 

It is not always possible to define the net section stress 

unambiguously and other criteria may be adoptea\©2, for example, 

the crack length is at least 2.5 (Kjo/ oy).
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(66)) os neces) It is interesting to note that Paris 

independently stated that the equations (9) and (10) do not apply to 

fatigue situations. Due to extreme stress concentration at the crack 

tip, plasticity is always present in the material. When the load is 

reversed as in the case of fatigue, plasticity occurs at the crack 

tip in the reversed sense. The new plastic zone starts to form within 

the old plastic zone from the maximum load. 

Since to cause plasticity in the reversed direction, the 

yield stress should be doubled, the new fatigue plastic zone size is 

approximated by 

  

2 
sere oe D ar ( ae? for Plane stress 
Y —— 20(2 oys) ay 

ax? 1 AK y2 = and et Se aa ( ays )* for Plane strain 
om (j3 2 oys)* 

For fatigue cycling with a stress amplitude of AP, the 

cyclic plastic zone depends on AP only and is independent of the 

maximum stress provided that no crack closure occurs during compressive 

part of the load cycle. The formation of the cyclic plastic zone 

within the maximum plastic zone is shown schematically in Fig. 19. 

The value of Ke is normally a minimum under plane strain 

conditions as shown in Fig. 16; it becomes a material property 

denoted as Kygs in the same sense as the 0.2% proof stress. The 

existence of Kk, as a material property is the main justification for 
Cc 

the application of Linear Elastic Fracture Mechanics to brittle 

fracture problems. 

When a specimen containing a crack is loaded, the crack tip 

opens without extension of the crack, This movement is called the 

crack opening displacement (COD) and is associated with the develop- 

ment of plastic zone. Its critical value a when the crack starts
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(68) to grow, is roughly constant » and approximately equals Ge/ oy; 

8c is used as a measure of toughness for low strength steels and has 

the advantage that it still has meaning at, and beyond general yield. 

104 Micromechanisms of Initiation and Growth of Fatigue Cracks 

Te4ele Introduction 
The early work of relating initiation sites and topography 

of fracture surfaces to their causes and basic mechanisms was severely 

restricted by the inherent limitations of optical microscopy. The 

recent application of electron microscopy with its far larger depth of 

field and higher resolving power has, to a great extent, overcome the 

limitations imposed by optical microscopy in the study of fracture 

surfaces. With the help of this technique, usually referred to as 

electron micro-fractography (using scanning and transmission electron 

microscopes) at high magnification, more details are visible, and 

need to be categorized and described if the fractographs are to be 

related to the micromechanisms of crack initiation and propagation. 

Fatigue is a complex phenomenon, involving microscopic flow 

processes and macroscopic crack extension, to final fracture. Forsyth 

(70) divided fatigue cracking into three stages - initiation, Stage I 

or slip band growth (crystallographic) and Stage II growth on planes 

normal to the maximum tensile stress (non-crystallographic). 

Vehole Mechanism of Crack Initiation 

It was first noted by Ewing and Humphrey 7) that the 

process of crack initiation in un-notched specimens takes place at 

slip bands. During further investigation of these slip bands in 

fatigued specimens, Forsyth‘ 72) observed that metal was extruded
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from the slip bands ('extrusions'), and at the same time, fine crevices, 

generally termed 'intrusions' were formed within the bands. These 

intrusions developed into cracks and crack initiation was loosely 

defined as the formation of a 'viable' crack from a slip band 

intrusion. While little attention has been paid to the number of 

eycles taken to initiate cracks in un-notched specimens, it has been 

shown that crack initiation occupies the majority of the life in high 

cycle fatigue(™3)» (74). 

It is well established that surface conditions greatly 

influence the fatigue life, rough surfaces giving shorter lives than 

smooth surfaces and this is attributed to the presence of favourable 

sites for the early formation of slip bands at stress concentrations 

such as surface scratches. Several mechanisms for the formation of 

extrusions and intrusions have been proposed, and have been summarized 

by Kennedys (>) and ipa) Fig. 20. These mechanisms, although 

differing in details, postulate reversed slip mechanisms on planes 

of maximum resolved shear stress. While there have been many 

investigations concerned with the effect of notches on fatigue life, 

crack initiations in notched or pre-cracked specimens has been almost 

entirely neglected, it being generally assumed that crack initiation 

takes place immediately at sharp cracks, and after a small proportion 

of the fatigue life from blunt notches. Exceptions to this are the 

(77) (78) investigations of Weibull and Hoeppner who showed that crack 

initiation could occupy a significant proportion of the fatigue life 

of notched specimense 

Tedede Accepted Model of Mechanism for Initiation 

While specific dislocation mechanisms have been proposed to 

mrcmmitiion avtrisi onletaintwision duiine tatieuss (2 07 OF» 82)»



43 

cottre11 (83) proposed that extrusions would result when soft material 

in slip bands was squeezed out plastically during the compressive 

phase of the fatigue cycle and not sucked back during the tensile 

phase, Fig, 20. In many materials, cyclic stressing may locally 

(76) remove strengthening components within persistent-slip bands 

(PSB's), where extrusion/intrusion commonly occurs, and PSB's should 

then be softer than their surrounding matrix. In age-hardened Al 

alloys, PSB's are thin layers of material, usually ~0.1 pm thick, in 

which re=solution or overaging of precipitates has occurred (84, 85, 

86) , In these alloys, fatigue initially produces narrow discreté 

bands of high dislocation density; these bands form along "quench 

bands", which usually contain only a slightly lower than normal 

density of precipitates and are already present before fatigue(®), 

Re~solution of precipitates within these bands of high dislocation 

density, probably involving dislocation enhanced diffusion, enables 

the dislocations within the bands to re-arrange into a fine sub-grain 

structure. In cold-worked Al, fatigue can induce localised recrystall- 

(70), isation along slip bands In other alloy systems, the same 

mechanisms of crack initiation may be seen to operate. 

Todohe Mechanisms of Fatigue Crack Growth 

Stage I fatigue crack growth, Fig. 21, is characterized by 

propagation of the crack on a plane oriented at approximately 45° to 

the stress axis and by crystallographic fracture facets changing 

(89) with orientation at grain boundaries, and it is 

(70) 

direction slightly 

considered by Forsyth to be an extension of the reversed slip 

process responsible for crack initiation. According to the 

model of mechanisms of crack initiation\7®) , Stage I cracks initiating 

from intrusions, propagate along PSBts (and grain boundaries) and
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their crack-tip regions often consist of series of holes (tunnels), 

extending to different depths into PSB's which subsequently link up, 

Fig 20. This mode of growth can continue for an appreciable proportion 

of the life in un-notched specimens, particularly under torsional 

loading, but persists only through a few grains in notched specimens 

after which Stage II takes over. 

In Stage II, plane of crack propagation is at 90° to the 

stress axis and it is generally characterized by certain microscopic 

features, known as fatigue striations on the fracture surface. These 

fatigue striations first wrongly observed by Zappfe and vonten 20) as 

some micro-cellular structure in metals, are characteristic to fatigue 

erack growth only, running more or less parallel to the crack front, 

Fig. 22. Cruseana’?)) suggested that each striation represented the 

erack growth by ten load cycles, Tests employing single programme 

loading, however, showed that each striation was produced by a single 

cycle (229 93), an observation confirmed by many workers and providing 

the basis for subsequent quantitative work, The converse of this 

statement i.e. 'that every load cycle produces one striation' is not 

necessarily valid, since the crack-tip stress resulting from some 

cycles may be too small to produce an increment of crack length, 

(94) | In many alloys, for 

(95) 

especially in programme or block loading 

example, aluminium alloys and 3% silicon iron striations are well 

defined, but they are less clearly visible in ferritic and bainitic 

structures and their presence in tempered martensitic structures has 

not been conclusively demonstrated. The regularity of striations is 

also distorted by the presence of large volume fractions of second 

phase particles as in spheroidised 1% carbon eee
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The presence of numerous well-defined striations on a 

fracture surface unambiguously defines that filure was by fatigue. 

Their absence does not preclude the possibility of fatigue fracture. 

Invisibility of striations on a fracture produced by cyclic load may 

arise from: 

(a) Their spacing being too small to be resolved by the 

observational technique used. The smallest inter-striation spacing 

reported is a ~ 200 A° (97), 

(b) Insufficient ductility at the crack tip to produce a 

ripple by plastic deformation large enough to be subsequently 

observed. 

(c) The operation of a fatigue fracture mode that does not 

produce striations. 

(a4) Their obliteration by damage subsequent to pect 20): 

The striations that are formed at very low crack growth 

rates (< 5x 1076 in./cycle or 127 nm/c) are difficult to resolve 

and often cannot be distinguished from the network of slip lines and 

slip-bands associated with plastic deformation at, and near the fracture 

surface. Under these circumstances, measurement of striation spacing 

is difficult, if not amecaeitis 7°). 

The main mechanisms for Stage II crack growth and the 

striation formation can be listed as: 

(i) Plastic blunting process of crack growth 

(ii) Cyclic slip and movement of dislocations 

(iii) By shear and decohesions. 

(iv) Microvoid coalescence and growth. 

All the models relate to damage by cycling at the vicinity 

of the crack tip, differing only in the way in which the damage occurs.
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(88) assumes that a In his plastic blunting process, Laird 

small double notch exists at the crack tip from prior damage. As a 

tensile load is applied, the double notch at the erack tip serves to 

concentrate slip band along planes at 45° to the plane of the crack 

and to maintain a square geometry of the tip. When the specimen is 

deformed to the maximum tensile strain, the stress concentration 

@ffect of the crack is lessened, and the crack tip blunts to a semi- 

circular shape due to the broadening of the slip bands at the tip. 

Upon application of compressive load, reversed slip occurs, and the 

new crack surface created in tension is forced into the plane of the 

erack and partly folded by buckling of the very front of the crack tip 

into another notch. The process then repeats and crack growth occurs, 

Fig. 23. Depending on the inclusions, grain boundaries etc., slip 

zones may not remain symmetric. Moreover, variation of the position 

of slip planes with respect to the stress axis for different orienta- 

tion of the cycles at the crack tip may cause asymmetry of the notch 

sip, Subsequent loading may induce plastic blunting in the most 

advanced part of the crack. Thus, in effect, erack growth occurs, 

according to taira (88) » during the increasing part of the load cycle 

only, but Seni jve(20) believes that crack tip sharpening occurs during 

unloading, as depicted in Fig. 24. 

Basically alternate blunting and re-sharpening of the crack 

tip give rise to striation formations, Fige 23,24. Forsyth et ai (102) 

have distinguished between two types of fatigue fracture striation: 

Type A or ‘ductile’ striations, each consisting of a light and dark 

band, lying on irregular non-crystallographic plateau, e.f> Al-Zn-Mg 

alloy. Type B or 'brittle' striation lying on fan-shaped crystallo- 

graphic facets, as on {1.00} facets in corrosion-fatigue tested Al-Zn-Ng 

alloy and hydrogen-charged sron'94) Fig. 25. These facets often
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exhibit ‘river markings' and the striations show limited ductility. 

The spacing of both types of striation increases with the stress at 

the crack tip; their curvature is away from the origin of failure 

and large local variations in spacing and orientation have been 

observed in immediately adjacent areas of fractures in specimens 

cycled at constant load; the plateaux or facets on which striations 

lie are usually at different levels joined by regions of ductile 

(97,103,104) | 

(205) . 

tearing Both types of striation have been reported on 

grain boundaries The spacing of fatigue striations does not 

(106) 
correlate well with macroscopic crack growth rates » especially 

at higher crack growth rate, Fig. 26. The macroscopic crack growth 

rate is the sum of the normal fatigue process causing striations and 

the dimple fracture component caused by tensile tearing. 

According to Lai ra (108) (209) and Schijve » the Stage II crack 

propogation is an extension of Stage I crack propagation. On cycling, 

dislocation movement occurs on one or two sets of crystallographic 

planes at 45° to the crack plane, Fig. 27. Depending on the stress 

condition, crack tip may act as source or sink, Thus the crack 

extension occurs in each cycle as a consequence of a 'sliding off! 

(99). (110) 
mechanism According to Broek » Striation depth could be 

larger on one fracture surface than on its mating part, depending on 

the orientation of the slip planes. 

According to Pelloux(221) » deformation at the crack tip may 

be caused either by alternate shears or simultaneous shear on two 

shear bands. If shear starts on one plane and strain hardening occurs, 

it could be easier to shear on the other plane, and this process may 

alternate.
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If the material is non-hardening, or the hardening is 

saturated, crack blunting will take place by simultaneous shear. 

Due to high strain at the crack tip, void nucleation and growth may 

oceur by further blunting and re-sharpening of the crack tip. On the 

(112) considers that the shear decohesion along other hand, Tomkins 

the inner edges of both the flaw bands occurs during the tensile 

part of the fatigue cycle. During compression, the reversed slip 

occurs, and the crack closes without significant re-cohesion of the 

newly cracked surface. Due to this process, Fig. 28, according to 

Tomkins, the familiar ripple patterns on the fatigue fracture surface 

can form and this mechanism is also active in Stage I crack growth, 

but only on one plane, 

Second phase particles can nucleate voids and cracks can 

extend by growth and coalescence of these voids, Pelloux‘ 113) 

proposed that the effects of second phase particles on crack growth 

rate depends on the ratio of fatigue plastic zone size, 25 to the 

interparticle spacing S. He suggested that when 

(a) 255 10S, crack growth rate depends on the matrix properties; 

(b) tr =S, crack growth is a result of propagation through the 

matrix and second phase particles; 

(c) 10 <>? S, crack growth is mainly a result of crack extension 

(114) | (110) through and around second phase particles Broek shows 

that at low AK, fracture occurs around second phase particles, but 

at high AK, voids form due to loss of coherency of the second phase 

particles with the matrix, However, Grosskreutz and Shaw(225) have 

shown that at low value of AK, second phase particles effectively 

hold up propagation and act as crack arresters, which is the opposite 

(113) of the relationship proposed by Pelloux e A mechanism of void 

formation and coalescence by second phase particles has been proposed
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by Forsyth and nyder( 216) , In this mechanism, the high hydrostatic 

stresses ahead of the crack tip cause voids to form probably at some 

discontinuity in the matrix. e.g. a brittle particle. These voids 

eventually link up by thinning of the unfractured bridges unier 

biaxial stresses, resulting in crack extension, Fig. 29. Therefore, 

it can be expected that plane stress situations would be more favourable 

to void coalescence than plane strain condition, although void 

coalescence has been observed to occur under plane strain conditions. 

(117) El Soudani and Pelloux noted that the extent of void coalescence 

could be reduced by decreasing the volume fraction of inclusions in 

the matrix. 

Tede FATIGUE CRACK INITIATION 

75ele Introduction 
Much of the data relating to the resistance of materials to 

fatigue failure has been obtained using smooth specimens, The data 

thus generated are of limited use, because engineering components 

almost invariably contain stress concentrators due either to design, 

in the form of section changes, notches, keyways etc., or to fabrica- 

tion difficulties in the form of defects such as laps, microporosity 

etc. In these ciroumstances, the choice of a safe design criterion 

depends on the working conditions of each individual component. If 

the stresses are low, then the defects may be assumed to be sharp 

cracks, and from a knowledge of the fatigue crack propagation rate, 

the time taken for the crack to reach a critical size, and hence the 

safe working life of the component, may be calculated. In these 

cases the application of fracture mechanics concepts has been found 

very successful. However, if the stresses are high, fatigue crack
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propagation rate is rapid, and it becomes necessary to design against 

the initiation of cracking at the stress concentrators. 

Tede20 Review of Criteria for Correlating Fatigue Crack 

initiation data in notched specimens. 

Tede2ele Stress-Strain Concentration Approach 

The theoretical stress concentration factor, Kt applies 

only when the material at the notch root remains elastic. Neuber’ 18) 

analysed a specific notch geometry and loading and derived a rule 

which applies when the material at the notch root deforms non-linearly. 

Recent work has shown that this rule adequately describes the more 

general case of plastic action in notched axial specimen(119s 120) | 

According to Neuber, the theoretical stress concentration factor Kt 

is equal to the geometric mean of the actual stress and strain con- 

centration factors i.¢. 

  Kt = (Ko.Ke)?, Neuber's Rule .eeeeeee. (12) 

Topper et ay (220) used the Neuber's rule to take into account 

plastic deformation at the notch root. This rule was derived for shear 

strained prismatical bodies containing deep longitudinal notches. 

In applying Neuber's Rule to the notched fatigue problem, 

Kt is replaced by Kf, ‘fatigue concentration factor’, and Ko, Ke are 

written in terms of the nominal stress and strain ranges As and Ae 

ieee 
a 

Ke = (BEBE Fs eeeererrorrrveees (15) 

where Ao and Age are local stress and strain ranges at the 

notch root. 

Rearranging and multiplying both sides by Young's modulus, E, we can 

write:
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Ke ( AG AcE): = -( Ao Ac E)@ eyesceeeess (14) 

and if the nominal stress and strain are limited to the elastic region, 

+ 

KE. AS = (Ac Ac £)* sebescacveucceeesme (L5) 

The expression (14) is useful and important because it 

shows that a function of nominal stress and strain (AS act)? need 

only be multiplied by an experimentally determined constant concen- 

tration factor to obtain the value of (AcAe Bye at the notch root2°), 

The special case where AS is elastic but Ao and Ae are 

inelastic, is important, because it covers most problems of engineering 

interest. At even longer lives, and lower value of AS, the notch 

root remains essentially elastic and equation (14) reduces to the 

familiar form 

Kf. AS =Ac we spa emcueaeie (16) 

This equation is frequently used at shorter lives when the 

material near the notch behaves inelastically. 

The relationship in equation (14) can be interpreted as 

furnishing indexes of equal fatigue damage in notched and unnotched 

specimens, or in other words, a notched specimen and a smooth specimen 

will form detectable cracks after the same number of cycles, provided 

Kf (AS Ae Bye for the notched specimen is equal to (Ac Ac nye for 

the smooth specimen. Thus, if a master curve of (Ao Ae Bye versus 

erack initiation (or life, as an approximation, provided the specimens 

are small) is obtained for smooth specimens, the life of a notched 

specimen can be obtained from the value of Kf.AS on the (Bo Ac 2)? 

axis. This correlation has been checked experimentally and 

reasonable agreement has been found between the predicted and 

observed notch behaviour (121, 122),



52 

A limitation of this method is that it only applies to 

constant amplitude, completely reversed (i.e. the stress ratio, 

Rs ae = i) strain controlled loading. However, while direct 

correlation between smooth and notched specimens is only possible for 

R= -1, examination of equation (15) indicates that for other R values 

crack initiation data for different notches can be correlated using 

the parameter Kf.AS. 

70502020 Fracture Mechanics approach 

Several workers (2239 124) have related the number of cycles, 

Ni, to initiate growth of a crack to the stress intensity range, AK, 

by an equation of the form 

Ni = KCAL) eesuseseces (17) 

  

where A and n are constants for a given material in a given conditions 

Since fracture mechanics analysis applies strictly to sharp cracks, 

then, for defects with blunt tips some sort of adjustment to AK is 

required. Jack and Price(123) measured initiation at notches in mild 

steel and found that for sharp notches of root radius p ¢0.25 mme, 

Ni was independent of root radius, and equation (17) applied. 

Above the critical notch root radius, Ni is a function of 

root radius, written in the form AK/ pe. Thus the effective stress 

intensity factor (Keff) for a blunt notch is related to that for a 

sharp notch or crack by: 

P, 

Keff = K(—5e e scctenels oss (18) 

where Po is the critical value of p and equal to 0,25mm. for 

mild steer 123), 

P’is the effective root radius and 

P’'=p when PZB Po 

Pp, when PSP
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Pearson‘ 225) was unable to determine whether a critical root 

radius existed for a high strength aluminium alloy and he suggested 

that, if it did exist, it must be less than the 0,254 mm obtained by 

J ee 126) for mild steels. Pearson also described his initiation 

results in terms of the parameter AK/p}. Scatter was found to be 

fairly extreme. This could possibly be attributed to his criteria 

for initiation, which he defined as the load cycle when a 0.127 mm 

1,(128) 
erack was first observed. Forman's ‘initiation data plotted in 

terms of the parameter AK/p% also resulted in some ecatter'27), 

Here again, an explanation can be found by properly defining the 

initiation event. 

(128) crack initiation, analogous to According to Forman 

crack growth rate, should be a function of the relative stress 

intensity parameter, ax where Ke is the fracture toughness. For 

blunt notches, he replaced Ke by an apparent fracture toughness Ka, 

which is corrected for the finite root radius. Ka is defined as the 

‘product of Ke and the ratio of the size of the plastic zone r at the 

tip of the blunt notch to the size of the plastic zone w at the tip 

of the sharp crack; thus 

Ka = Ke, = eee earemeet (19) 

Values of = were calculated using the equation derived by 

Creager and Paris (229) for the stresses at the tip of blunt notches. 

Various initiation criteria cannot be tested accurately by 

experiment but crack growth law can be accurately measured by experi- 

ment, According to Forman(128) , a satisfactory approach for predicting 

cycles to initiation of an ‘engineering size' crack is to use crack 

propagation theory in which it is assumed that crack growth begins 

with the first load cycle. Forman correlated his initiation data 

extracted from sheet specimens of 7075-16 aluminium alloy with oe .
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For his data, Ni was for the initiation of an average crack length of 

(edn te aleo etgyed that data cbiainedi ty Mansons) ton 

2014-T6 aluminium alloy could be correlated with ee - For this data, 

erack initiation was defined as the load cycle when a 0°063 mn. crack 

was first observed. 

It is apparent that several methods have been employed for 

correlating fatigue crack initiation behaviour at notches. Each 

method appears to correlate specific sets of data, An explanation 

lies in the fact that, in order to know that initiation has taken 

place, some crack growth must occur, since detection of a fatigue crack 

is the sole criteria of initiation. Thus the experimental value of 

Ni, is in general, 

Ni measured a; ) = Ni true (no) +N ied 7 eee (20) 
a. 

The criteria of initiation may be very sensitive and then the N(a) 

contribution to Ni is small, or vice versa(231), 

Both from a fundamental and a design point of view, it is 

Tapeeiane to know how Ni varies as the initiation criteria is varied 

from the presence of a large fatigue 'nucleus' to a very small 

™nucleus'. This study of the very early stages of propagation is 

necessary in order to judge how conservative a particular criteria of 

(131), nucleation is 

71.6 Fatigue Crack Propagation Laws 

Tebele Introduction 

In recent years, considerable effort has been focussed on 

the crack propagation phase of fatigue failures in an attempt to 

develop useful design rules. Analytical solutions have stemmed from 

several distinct disciplines of engineering science and to review all
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such models, a broad classification of crack propagation laws has 

been necessarye 

The various approaches can be divided into those involving 

dislocation theories, those based on the mechanics of fracture and 

dimensional consideration, and those founded on empirical studies of 

cyclic material behaviour and damage accumulation. 

TeGels Crack Propagation Laws 

The first continuum model for fatigue crack propagation was 

presented by Head (232), 1953, in the following form: 

da _ Ao’ 2/2 (21) 
= eoeeceeceeeo 

an ( oys - Ao)n, 

c 

we
 

where is a material constant 

Ao is the stress range 

Oys is the yield strength 

a is the crack length and 

x is the plastic zone size at the crack tip, 

and is assumed to be constant, 

Frost and Dugdare (253) showed on the basis of experimental 

results that plastic zone size is proportional to erack length. 

Further they concluded that the crack propagation rate is linearly 

2 
dependent on the crack length which in turn is proportional to Ao~, 

Thus they proposed the following model. 

da 3 ay 7 A Aga ccccccesceo (22) 

where A is a constant. 

rin (134) modified the above equation, in subsequent work, to 

s = A Ao’a soeccecece (23)
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Frost and Dagdale(?33), and later, Prost(229), examined the 

effect of mean stress on the rate of crack propagations in several 

materials, including an annealed mild steel, cold rolled mild steel 

and 16/8 austenitic steel, and a crack growth relationship of the form: 

da 
an 

= (P+Q on) Ara Aisne aecaoeapn (24) 

was proposed, where P, Q are constants and Om is the mean stress. 

Tomkins and sigea (126) deduced a mechanism of fracture in 

terms of plastic deformation at the crack tip and this formed the basis 

of Tomkins theory(23) , Essentially, he calculated the crack tip 

@ecohesion which would occur as a result of the plastic strain at the 

crack tip and equated this to da/@N. The result was a relationship 

4 (235) 
similar to that obtained experimentally by Fros » equation 24.6 

It was 

gan 5, AA? Gy ® aN ieudovesoaseveas (25) 

Equation (24) would be the same as equation (25) if P = 0 as was 

found for aluminium alloys. 

According to Paris and Braogan‘138), the laws of Head, equation 

(21), Frost and Dugdale, equation (22) and Liu equation (23), can all 

be approximated by the form 

mon 
a di Ag 

NG an Cc 

where C is a constant and n = 

Pevcercecccseces (26) 

as 
2 

er) ‘ 
Paris adopted an energy approach to crack propagatione 

This was based on the assumption that the rate of change of elastic 

energy during fracture equals the rate of absorption of energy as 

plastic deformation. Assuming that all the plastic work is absorbed 

at the crack tip, the work is proportional to the area of the plastic 

zone per unit thickness, which in turn, is porportional to x4, He



(67) | 
went on to suggest that, in fatigue, the alternating plastic zone 

based on AK, is relevant, so that the crack propagation relationship 

is 

da. m ae = (AK) caetecsiexonaree (27) 

Thus Paris' theory predicts a value of m = 4, in equation (27) and no 

influence of mean stress or fatigue crack propagation. 

According to hints(234) analysis, the value of m= 2. He 

argued that this value holds good for results with maximum stress 

levels. Since the elastic strain energy released is a function of 

maximum stress, the maximum stress should give reasonable correlations 

Liu admitted that the value of m will have to be modified if Omax is 

not the same. 

Although a good fit for a variety of experimental data has 

been observed with Paris type equation, it has been well established 

that m can have values ranging from 2 to 662395 140) | 

(141) Forman et al. noted that Paris's equation was not a 

good fit for higher load ratios and crack growth rates, They 

attributed this to the onset of fast fracture as Kmax approached Ke, 

the fracture toughness of the material, Forman et al. (242) suggested 

that the approach to Ke could be incorporated in the crack propagation 

relationship by adopting the criterion 

Limit oa a 
K max + Ke , ON ar 

Putting Kmax =aK/(1-R), where R is the stress ratio (Kmin/Kmax), 

this may be expressed as 

limit da .. 
AK + (1-R) Ke, Ghee
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So, the crack propagation relationship suggested to include this 

condition can be written as: 

da Gc ( 4x)" Ae aon) ke Dak sveeecsneceaesn (28) 

  

1(142) This equation fitted nicely Broek and Schijves results, 

and also those obtained by Illg and MeBviliy! 143) for R=-1,. Later 

Hudson and Scardina‘244) also used equation (28) and found that it 

fitted their data for R>0, those for RO being fitted by the simpler 

equation (27), if the compressive part of a cycle was ignoredo 

Crooker and Lange (144) were less successful in unifying their data 

for steel when they applied Forman's equation. It should be noted 

that, since Ke is geometry and environment dependent, it cannot be 

regarded as a material constant. The value used in equation (28) 

would be appropriate to the test specimen geometry. This places a 

serious limitation on the use of the equation in practical situations. 

(145) Pearson investigated the effect of mean stress using 

thick (12.7mm) bend specimens, in which plane strain conditions are 

maintained until failure. This contrasts with the tests using thin 

specimens in which the fracture mode would be plane stress when final 

failure occurred. Hence, using equation (28) with Ke replaced by its 

plane strain value XK. TC? and further modifying the equation to bias the 

effect of stress ratio onerds high values of AK, Pearson obtained 

as ae (29) aN 7 [G=8) ce TBR]? soceceeceon 

to secure better fit with his data, 

This equation (29) still complies with the criterion that 

al
s secwhen Kmax = Kee Pearson's equation was also successful in 

(142) (146) 1 

correlating Broek and Schijves data » as well as Maddox's 

data at R = 0 and 10.5.
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An indication of how the two equations (28 and 29 predict 

the influence of mean stress over a range of AK values, for high and 

low toughness materials, may be provided grayhically as follows. 

First, the predicted magnifications (M) in & for given values of Ry 

Kio and AK, have been redefined relative to the values for R = oO, 

and are given by 

K - AK 

  

  

  

My = 1 ae 1 = SIC pe vewesse. (50k) 
C-R)Kzg “AK Kg = AK O-R)Ky, ~AK 

1 y i 3 KrG -/AK 2 x 
Bp [GB - AK] 2 ir cor AK) ie eae =| (303) 

where suffix F refers to Forman's and suffix P refers to Pearson's 

equation (146) | Secondly, the magnification factors have been plotted 

against AK for various stress ratios and two arbitrary Kio values in 

Figs. 30 and 31. It will be seen from Fig. 30 (high toughness) that 

Forman's equation predicts the greatest influence of stress ratio, 

although the two factors do not differ widely for low values of R and 

AK, Thus, the effect of R on plots of log (da/aN) vs. log AK would 

be to shift the curves along the log (da/dN) axis to give approximately 

parallel curves, as found in the results obtained by Broek and Schijve 

(242) | Clearly, either expression would be suitable for correlating 

such data over a wide range of R and AK values. In contrast, the 

factors for a low toughness material, Fig. 31, differ widely over the 

whole range of AK and R values, especially at high values, Forman's 

equation giving the highest values. The data obtained by Pearson for 

low toughness materials were consistent with his equation, while 

Forman's equation (28) was not suitable.
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A fuller attempt to take account of the material properties, 

has been made by Heald et ai, (147), 

(148) 

Basing their equation on one given 

by Weertman » they proposed the following modified equation 

da te A [AK ie eseceneeraye(S1) 
aN 9.2 (Kee Ke -K*max) 

where A is a constant, n lies between 0.5 to 1 and Ke is the fracture 

toughness of the component. Besides predicting an effect of Kmax, 

where K max approaches Ke, his expression describes an effect of 

microstructure, principally through the parameter Ke, Heald et ar, (147) 

showed that the fatigue crack growth results obtained from heat~ 

treating a 1.0 percent carbon steel to different microstructures were 

in good agreement with the equation (31). 

Roberts and Brdogan(149) analysed the results of Broek and 

Seni jve(142) on 2024-16 aluminium sheet specimens in tension and some 

of their own results on 2024-7, in bending and showed that the 

dependency of crack growth rate on mean stress and AK can be satis- 

factorily represented by an equation of the form 

  

& = B  (Kmax)™ ( ak)" Reeves. (Se), 

where B is constant. The values of m and n were both found to be 2. 

Klensil and Lukas (150) reviewed evidence suggesting the 

existence of a threshold value of AK below which cracks will not 

propagate, and modified the Paris's equation to take 4K, into account 

ise. 

da n n ay 7 C4 Aka" x, maces (33) 

  

where AKth is related to AXa by the equation 

To Ane Seacaeeee.(34) AXth = AkKthbd 

where AKth = threshold stress intensity following the stress 

intensity of AKa 

Akthbd = basic threshold value of stress intensity factor
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independent of the strength of the material. 

a= material constant dependent on strength 

(151) have also found evidence of threshold Cooke and Beavers 

stress intensities in five medium carbon steels and concluded that 

AKth depends on load ratio Ro Prior loading could also be 

responsible for the existence of threshold AK values as found by 

Dencme stietice) ana kteneit end Ikea’? °? 

Finally, to provide an equation’ which predicts fatigue 

crack propagation from very small values of AK to impending unstable 

failure, a combination of equations (41 and 33) have been suggested 

by Richards and Lindley'29) in the form 
n 

74 7 4K - AKo =k (eee Ate cevesesess (59) 
2 (Ke?-K“max) 9G, 

el
s 

where AKo is the threshold stress intensity value and A' is a constant. 

The equation (35) represents an attempt to extend the prediction of 

fatigue crack propagation rates to extreme cyclic stress intensity 

regimes o 

The complete relationship between fatigue crack growth rate 

and stress intensity factor, schematically plotted on logarithmic 

co-ordinates has been shown to be sigmoidal, consisting of three 

regions, Fig. 32. While most of the crack propagation laws is 

applicable to the linear middle portion of the sigmoidal curve, the 

rest of the curve is sensibly covered by incorporating the threshold 

stress intensity factor ( AKth) at very low values of AK and Ke term 

for very high values of AK close to catastrophic failure.
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Fig.8. Two Sphere Model with interpenetration. 
(After Ref:39) 
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FIG. 23.The plastic blunting process of fatigue crack propagation in the stage 41 mode: (a) zero load, (b) small tensile load, (c) maximum tensile load, (d) small compressive load, {e) maximum compressive load, and (f) small tensile load. The double arrowheads in (ce) and (d) signify the greater width of slip bands at the crack in these stages of the process. The st ressaxis is vertical. (After Ref:88) 
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FIG. 27. Crack extension in one load cycle by dislocation movements on two 
different sets of crystallographic planes (After Ref: 109) 
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TENTAL DETAILS 

  

8. 

8.1 OBJECVIVES WITH AN OUTLINS OF EXPSRIMGRITAL WORK 

It has been stated in the introduction of the review that there 

is a general lack of data on the fracture toughness and fatigue proper- 

ties of sintered components, which are, by definition and nature, 

heterogeneous. 5o an attempt has been made to extract some data to 

evaluate their fracture toughness, fatigue crack initiation and pro- 

pagation characteristics by applying the concepts developed for homo= 

geneous continuum material models. 

The experimental work had been designed primarily to study the 

influence of sintered densities, % dilution, ete. on toughness and 

fatigue resistance using the concept of Linear HBlastic Fracture 

Mechanics (1.8.9.M.). In this way, the major factors affecting the 

growth of cracks or defects in sintered materials could be quantita= 

tively described so as to provide meaningful engincering design data. 

In conjunction with this work, investigations had also been directed 

towards the understanding ef some of the mechanisms involved in 

fatigue and fatigue crack extension, 

In order to simplify the experimental observations, and the inter=- 

pretation of the data, rectangular cross-sectional specimens with 

single edge notches (S.E.N) had been usede 

6.2 POWDER MATERTATS 

The basic maraging steel material, in the as-received condition, 

was in the form of pre-alloyed atomised powder, -60 mesh size, supplied 

in two evades W127 and W119, the main difference beins in the Ti content.
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The other material, Ancoloy SA (H8gantls) was also in the form of pre~ 

alloyed powder made from sponge iron to which the finely divided alloy- 

ing elements had been diffusion bonded. 

The maraging steel powder, grade W127 (high Ti), had been diluted 

with iron powder of grade ASC,.100.29 (H8gentis) which is extremely pure 

with very high compressibility. The chemical compositions of (a) 

maraging steel powder of grade W127 (high Ti), (i) in the as-received 

condition, (ii) after compaction, sintering and final heat treatment, 

and (iii) after 25% and 50% dilution with pure iron powder are given 

below. Also given below are the compositions of (bv) low Ti maraging 

steel powder, grade W119 and of (c) Ancology SA.



  

(a) Powder 

64 

  

Compositions (Wt 7) 

  

% 
After dilution with iron 

  

  

In as-received After compaction 
condition and sintering Powder (I.P) 

with 257 I.P. with 50% I.P. 

Cc - 0,010 0,02 0.015 0.01 

Ni - 18.30 17.30 12.975 8.65 

Co - 8,00 8.17 6.1275 4.085 

Mo = 5.50 6.14 4.605 3.07 

Ti - 0.99 1.20 0.90 0.60 

Al - 0,008 0.18 0.135 0.09 

S = 0,017 0.018 0.0135 0.009 

ar = 0,015 - - - 

B = 0,002 0,001 - - 

Ca - 0,020 - - - 

Si - 0.070 0.11 0.0825 0.055 

Po = 0,015 0.018 0.0135 0.009 

Cr- 0.10 0.08 0.06 0.04 

Mn - 0.05 0.03 0.0225 0.015 

H, loss 

(1150°c) 0,02 

Fe - Balance Balance Balance Balance       
  

* Estimated composition, after dilution, compaction, sintering and 

heat-treatment. 

 



  

(bv) Powder Grade Code W11 

(Low Ti Grade) 

(c) Ancoloy SA 

65 

Cc = 0,02 

Ni - 17.60 

Co- 8.90 

Mo - 4.60 

Ti - 0.01 

S - 0,018 

Si - 0,010 

P = 0.014 

- In as-received condition only. 

  

In as-received 
condition (i) 

After compacting 
and sintering (ii) 

After (ii) + quenching 
and Tempering 

  

Cu - 1.50 

Ni - 1.75 

Mo - 0.50 

c - 0,01 

SiO, ~ 0.16 

H,-loss - 0.10 

Fe - Balance   

1.42 

1.64 

0055 

0.65 

0.20 

Balance   

1.43 

1,66 

0.56 

0.79 

0.20 

Balance 
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8.3 SPECIMM PRUPARATION - COMPACTION, CALIBRATION 

As recommended by the supplier, H8gands of Sweden, 0.60; graphite 

+ 0.65)5 Zn Stearate had been added to ANCOLOY SA powder, which was 

then mixed in a rotary drum for 25 minutes. ‘wo lots of the admixed 

powder had been compacted using a specially designed die-system, Fig.33, 

to pressures ranging from 398 to 598 N/m? to achieve green densities 

of 6.7 and 7.0 Me/m?. . 

A fixed amount of maraging steel powder, grade W127, had been 

compacted at pressures ty aS and P, (let us call this M,). Then two 

lots of maraging steel powder, grade W127 had been mixed with 25% 

and 50/6 HBgan4is iron powder (grade ASC.100.29) in a rotary drum for 

25 minutes. We call these My and Mi, xespectively. The same amount, 

as in My of diluted maraging steel powder was then compacted using 

the same set of pressures b, 2 and b, to yield densities, dys a5 

ae and ans dy and dy for My and ~ respectively, 

where (4), dg, dy) < (2g, ds» ag) <(az, ags dg)s Fig. 34. 

Then corresponding to the three fixed green density levels of 

Figs rede 
Pls Pos and @,, compaction pressures,were read out for each of the 

5 

materials compacted, namely My (maraging steel powder compacts only), 

M, (M.S.P. + 2570 iron powder compacts) and HM; (M.S.P. + 50 iron 

powder compacts). This method yielded more or less the same green 

densities when compacted at the pre~selected or calibrated pressures, 

Ceo t=
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Green Densi Compaction Pressures Compacted Materials 

P,(5.8 Me/m”) Py My 

Py Ny 

PS My 

°,(6.1 Me/m) ¥ , 

PS My 

¥ 
P,(664 Me/n’) P ; MK, 

Pe My 

eo
 

iil
 

or re-written as following, yields : 

Compacted Materials Green Densities Compacted Pressures 

oi & oe 

Pe ¥6 

°s *9 
M & PD 

Pe Bs 
P; Py 

Ms Ei Ay 
P, va 

5 a 

8.4 TEST SPECIMENS 

These were of the single~edge-notched (S.Z.N.) type for use in 

three point bending and machined and notched to the average dimensions, 

Fig. 35, after treatments as detailed in section 8.5.
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The maraging steel powder compacts (with Ti~ 1.055) and diluted | 

ones had been designed to the following matrix : 

  

Si ome 

Moy NM, 2 Ms 

oT 2 2 ue 3       

where M, = maragzing steel powder compacts (Ti ~ 1,075) 

MyM + 25%5 pure iron powder compacts, 

ne = My + 50% pure iron powder compacts, 

and where, second subscripts refer to the three levels of sintered 

(and final) densities. The specimens in N39 Moz ue and M35 of the 

matrix had poe cently i.e. ( & ) ratio = 0.1, and those in the rest 
width W 

of the matrix and specimens with low Ti had a/W = 0.3, with the nominal 

range of notch root radii from 0.127 to 0.762 mm, Ancoloy SA compacts, 

sintered, and sintered-quenched- tempered ones were made in two levels 

of densities with = = 0.3, and notch root radii of 0.127 mm. Fracture 

toughness tests had been made on all types of compacts, and also crack 

initiation and propagation studies had been carried out on all types 

of compacts, except on those made from Ancoloy SA compacts. 

8.5 TREATMENT OF SPECIMENS 

The green maraging steel compact specimens had been sintered at 

1300°C for 3 hours in a vacuum furnace and cooled in the same furnace. 

The specimens were then annealed at 615°C for an hour per 25.4 mmo 

G0. inch) of thickness, in 90/10 N,/H, atmosphere, followed by 

cooling at one end of the annealing furnace using the same atmosphere. 

After annealing, the specimens were machined to a tolerance of 

0.001 inehy 
& 0.025 mm (t on the major dimensions and notched to
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dimensions, es shown in Fig. %. The specimens were finally aged at 

485°C for 3 hovrs in 90/10 NA /ily atmosphere. 

The green Ancoloy SA (ASA for short) compacts were sintered at 

1120°¢ for an hour using the mixed gas of 90/10 N,/H, as the furnace 

atmosphere, and cooled at one end of the furnace with the same atmos- 

phere. The specimens, after sintering, were machined and notched, 

Fig. 35, and then austenitized at 850°C for 30 minutes, quenched in 

oil, and finally tempered at 175°C for an hour in air. The compact 

specimens needed surface grinding to the extent of about 0,025 mm, 

to remove fine surface scales. 

39 TESTING    

Single-edse-notch (S.5.N.) bend specimens loaded in 3-point 

bending were used for determination of fracture toughness. Tests 

were done on a 50KN-capacity Instron machine operating at a constant 

rate of 0.02 em/min, (cross-head sneed). Method of mounting clip-in 

displacement gauge is shown in Fig, 36. Four 350 ohm strain gauges 

were connected in a Wheatstone Bridge balanced circuit and excited 

by a C., transducer amplifier unit. 
52 

The amplified response from the clip gauge together with the 

load signal from the Instron load cell, was fed into a Bryan's X = Y 

plotter. Location of the clip gauge across the notch was by means of 

attachable knife edges positioned accurately with the help of a 

spacer blade. 

Bend specimens were tested on an adjustable bend jig. Overall 

span to specimen width ratio of 4:1 was used, as recommended by 

B.I.S.ReAs 295),
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To produce a suitable starting crack for a toushness test, 

each specimen notch had to be extended by fatiguing. Fatigue pre=- 

eracking was done on an Amsler Vibrophore fatigue machine using a 

2 ton dynamometer, Fig. 37. The final length of the fatigue crack 

had been generally maintained between the a/\/ ratios of 0.45 and 

0.55, as recommended by 3.8.1, (155), The figure of 0,0005E suggested 

by B.T.8.ReA. EST) as an estimate of the fatigue crack propagation 

stress intensity range was not found gauieras tory for the sintered 

specimens and it was necessary to exceed this value (158), 

Fatigue pre-cracking was followed with the help of a low power 

binocular microscope, and the final 1.25 mm. (0.050 in.) of erack 

growth was estimated from graduations made at an interval of 0.50 m, 

(0,020 in.) on the surface of the specimens. The last 1.25 m, of 

erack extension was always made to take place over at least 50,000 

cycles, according to the A.S.T.M. recommended pracuioace). 

A load/opening displacement record was obtained from each test 

from the Bryan's X - Y plotter attached to the Instron machine. 

The critical load was determined from the load/displacement record 

using the 5{ offset procedure, recommended by p.g.1, (156), Pig. 38. 

All tests were carried out at least in duplicate, and whenever 

possible, in triplicate.
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   i) N_OF KQ 

The provisional value of Kig i.e. KQ, was calculated from FQ, 
he 

Fig. 38, using the following relations»ip(55) $ 

19 = he [1.93 (2) M*~ 5.07 (8) 9? 

- y 2 25.0 (3) aes 

ze + 25.80 (4 Se seevectesivesios (535A) 

    

(where L = 2W = 5 ) 

which can be written as 

ero, 
BW 

KQ =    seccccccccccvscceccescceees (553) 

where P is the load 

Bis the specimen thickness 

Wis the specimen width 

ais the crack length 

S is the span between supports 

and where the values of Y for specific values of a ave given in tables 

for different types of specimen and loading conditions. 

  8.8 CRACK GROWTH MBASURSIENT 

  

Apart from direct observation of the specimen surface, various 

other means of monitoring the initiation, growth and instability of 

eracks, have been developed and these are summarized in Table gr(21594160) |
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TABLE IT 

T TRCUNIQUES 

  

CRACK GROWTH M 

    
  

METHOD USAGE ADVANTAGES. DISADVANTA 

Microscopy Sheet and plate Cheap. Difficulty of 
techniques test-pieces, Easy instal- erack tip.loc- 

Photography lation. ation without 

sometimes used stroboscopic 
light. Only 
surface measure- 
ments possible 
during test. 
Difficult to 

  

  

  

  

automate. 

Mechanical Rotating bend Use of Restricted to 

methods test pieces. compliance tests where 
Sheet, plate, change compliance 
and others which can calibration 
dependins on be measured (relationship 

displacement externally between specimen 
gauge used away from stiffness and 

specimen, erack lensth) 
is know, 

Acoustic Applicable to Very small Errors due to 
methods most es of probe back-ground 

test-piece required, noise and 
can be calibration 

mounted is difficult 
easily; use- 
ful in low- 
and high= 

temperature 
tests, 

Blectrical Continuity Electrical Difficulty of 
techniques gauges signal gives connecting wire 

usually used easy auto= and foil gauges. 
on sheet and mation. Gauges must 
plate samples, break when crack 

could be used passes. Only 
for surface surface measure= 
measurements ments 
on other test- 
pieces 
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Eddy currents Used on sure Easily adapted Not yet used on 
face crack to automatic thicker samples, 
monitoring process. may only be use- 
of sheet test- Small probe ful for surface 
pieces; others which is measurement. 
should be not in con- Expensive. 

possible. tact with 
test-piece. 

Electrical Used on sheet Easily adapted Problems of 
resistance and plate to automatic insulating the 

or potential test-pieces process. Only test-piece.. 
measurement four leads Initial cali- 

attached to bration problem 
specimen, there- thoucsht to be 
fore ideally overcome. 
suited for 
high- or low~ 
temperature 

  

tests 

Ultrasonics Ideally Easily adapted Expensive com- 
suited to to automatic pared to other 
compact fracture process, Inter= techniques. 
toughness test- nal measure= Measurement 

pieces. ment of crack restricted to 
front. thicker type 

test-pieces. 

  

In fatigue testing, it is required to measure the length of the 

crack with respect to the number of cycles so that data could be 

analysed by fracture Mechanics, and the selection of any of the 

techniques mentioned must take account of its accuracy, speed of opera- 

tion, reproducibility, cost, probability of automation, ease of 

application, whether continuous and flexible enough to apply to most 

standard test geometries and environments including tests at low 

(~- 100°C) and high ( ~ 500°C) temperatures. Since the electrical 

potential method seemed to satisfy all the requirements desired, it 

was adopted as the crack monitoring device used in this investication.
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Thoush first used by Barnett and roiano(?61) in 1957 in fracture 

research studies, the electrical potential drop (p.d.) technique had 

been reported in detail in 1966 by Gilbey and Poanson'262) , 

The basis of the p.d. method is that in a current carrying body, 

there will be a disturbance in the potential field about any discon- 

tinuity in that body. For the purpose of monitoring erack growth, the 

method thus entails passing a stabilized current throush a cracked 

test-piece under load, and measuring the’electrical potential 

difference across the crack. As this crack extends, the uncracked 

cross-sectional area of the test-piece decreases, its electrical 

resistance increases, and the potential difference between two points 

on either side of the crack rises. By monitoring this potential 

increase (Va) and comparing it with that across a unit length measured 

elsewhere on the unoracked test-piece (Vo), preferably in a region 

which is not affected by crack growth, the crack length (a) may be 

deduced from graphs relating Va/VoW to a/il, where W is the width of 

the specimen. A set of typical graphs of Va/VoW versus a/\ is show in 

Fig. 39 with the location of potential lead in the specimen, Fig.39A. 

The sensitivity of the p.d. technique can be changed by different 

mode and amount of current application, the positioning of potential 

measuring points and their distance of separation. The sensitivity 

also depends on the instruments used to measure the potentials which 

are usually of micro-volt range. Possible sources of inaccuracy in the 

data resulting from using the p.d. technique can be stated as : 

a) Instability of constant current power supply. 

») Error from thermo-electric E.M.F.s. generated due to dissimilar 

metals being connected between potential leads and the specimen. 

ec) Temperature veriation in the specimen or in the testing environ= 

nent.
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a) Inefficient insulation of specimen and earthing. 

e) Drift of amplifying system. 

By passing a current of 15 amps through the specimen, the 

sensitivity of monitoring crack advance by the p.d. technique was of 

the order of 0,005 W, i.e. about 0.12 mn., which compared favourably 

with Ritchie's 164) and Pigtrskits(24) figures. In the present 

investigation, a highly stabilized Farnell constant power source of 

maximum 50 amps. capacity was used. A current of 15 amps. was passed 

to the specimen through cleaned and polished copper strips screwed at 

the ends of the specimens, thus minimising or eliminating errors due to 

instability of the p.d. measurements. The potential leads used were 

nichrome wires (*Brightray Cc‘), 0.193 mm, in diameter spot welded to 

the specimen, The potential drop was measured by a Rikadenki D.C. 

micro-voltmeter which gave a 100 pV full-scale deflection. As the 

potential drop exceeded 100 pV with the growth of the crack, a back- 

off voltage, supplied from a potentiometer, was used to maintain the 

full-scale deflections. A schematic diagram of the potential drop 

method is shown in Fig. 40. The output from the voltmeter was recorded 

on a Kent Chart Recorder in order to obtain a permanent record of the 

voltage reading, From the knowledge of the cycling frequency of the 

fatigue test, the time axis was converted to the number of cycles 

elapsed. 

8.9 POTENTIAL DROP CALIBRATION 

The current leads were connected to the specimen via copper strips 

serewed to the ends of the specimen to reduce contact resistance. The 

Pede, Va, was measured across the notch by using nichrome wire leads 

spot welded at x = 0 (Gas, erack length = o) for maximum sensitivity,
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and at y = 0.05W on either side of the notch centre-line. The 

uncracked potential gradient Vo was measured on the specimen surface 

using a lead spacing of about 5 mm, Fig. 394; the reading obtained of 

Vo was then multiplied by a factor to get VoW, so that the final lead 

spacing was equivalent to unit length of specimen width, W. This 

yielded sreater accuracy in VoW, instead of measuring Vo simply across 

specimen width W, 

Electrical insulations of the specimen and screening of leads 

from the specimen to the D.C. microvoltmeter were found necessary to 

prevent the pick-up of extraneous electrical signals, The specimen 

was insulated from the three contact loading areas by using paxolin 

sheet. 

Constant current was passed throush the specimen for about 2 hours 

before any readings were taken. Fefore settling down to a constant 

value, the ped. across the notch dropped by about 20 to 40 pV., and 

once stabilised the monitored voltage remained stable within + 0.25 pV. 

Variation in laboratory temperature or closeness to electric lamp was 

found to affect the voltage reading, So utmost care was taken to 

minimise errors from these sources. 

The fatigue crack was allowed to grow after the initiation event; 

however, the growth (for two different sets of specimens, one set with 

notch depth = 0.3W and the other with notch depth = 0.1¥) was stopped 

at an interval of about 200 pV. potential drop (Va) reading; the 

specimens were then broken open by partially sawing through from the 

side opposite to the notch and fracturing the remaining ligament at 

liquid Vy, 
2 

was optically measured at several points (15 to 20) and the average 

temperature, Fig. 41. ‘The crack length on the fatigue zone 

length was taken, corresponding to the particular potential drop read= 

ing. fhe yalues of a/W corresponding to different values of wy
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were then plotted, Fig. 42. Standard 1900 fortran language (applica 

tion programme UAO1]) was used to fit 5th. order polynomials through 

the plotted points. ‘The values of afl corresponding to 2 were then 

tabulated at intervals of 0,001, for notch depths of 0.3 and 0.1W, 

and for locations of potential leads as indicated in Fig. 39A. ‘The 

equations of the calibrated curve at x = 0, y = + 0.05W is described 

by the following polynominal : 

5 eM = Co +0, x +0,x% +0, +0, x44 0, x 

where X = Va/VoW 

and (for notch depth = 0.3i/) (for notch depth = 0,1W) 

Co = 0.37923 Co = -0.038728 

C, = 1.08720 C, = 0.39111 

Cy = 0.18724 Cy = 0.58961 

Cy = -0.86128 Cs = ~0,.84611 

CG, = 0.51272 Cy = 0.44153 

C, = 0.097861 C, = -0,083686 

wt
 i 

uT
 

In Fig. 42 is also shown the theoretical calibration curve derived 

by Gilbey and Pearson’ 162) using the electrical potential method, for 

comparison. From this figure, it could be seen that calibration 

through separate notch lengths produce a distinctly separate curve 

from that for a crack only. For a particular notch depth, the fatigue 

erack, once initiated, extends from the notch and approaches the crack 

only curve and finally merges with Gilbey and Pearson's theoretical 

curve for the same positioning of potential leads in the specimen. 

The reduction in initial slope of the curves (a) and (b), Fig. 42, 

also means that the potential drop method is less sensitive in measuring 

short growth of a crack from a notch than for measuring the subsequent 

inerease in length of a crack alone.
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Gilbey and Pearson‘ 162) have found the results obtained with p.d. 

technique in very good asreement with optical measurements of the crack 

on the specimens surface and were within the accuracy of the optical 

method, which wes taken as 0.13 mm (~ 0.005"). 

The essential difference between visual method and potential 

drop technique is that the former gives only the surface crack length, 

whereas the latter measures the average crack length of a bowed crack 

front, bowing beings more pronounced at short crack lengths. Taking 

into account this aspect of crack front bowing makes the potential 

drop technique more reliable; it is also capable of detectins the 

crack initiation event long before the crack is visible on the surface, 

8.10 Me 

  

10D OF ¢. (PH RATS CALCULATION 

  

The fatigue growth rate had been calculated by using the method 

of finite differences, This involved using the ratio of finite 

differences in crack lengths to the mumber of cycles, i.e. 

da — *n+17 atas(a fate.) [2ieawe tetas (50) 
av ¥ -N os n 

n+ 1 n 

For an acceptable low level of scatter in the crack growth rate, 

the intervals between the crack length measurements, i.e. (a, a a.) 

were taken to be sufficiently large, i.e. about 0.5 mm. The raw data 

from the fatigue tests were processed using a simple computer programme 

so that the input of potential drop, number of cycles, load amplitude, 

specimen dimensions etc., resulted in the output of crack growth rate, 

and AK, the stress intensity factor ranve. No plastic zone correction 

  

was madee 

Other method of measuring crack growth rate involves different- 

jating 'a Vs N' curve (i.e. crack lenzth Vs. number of cycles) or
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graphically drawing tangents to the curve at various points. This 

method tends to be laborious and can be inaccurate at low and high 

crack growth rates. Difficulties in fitting polynomials to the a - N 
a 

data have also been reported by Davies and Feaderson(265), 

8.11 FATIGUE CRACK INITIATION 

Crack initiation studies were carried out on maraging and diluted 

maraging steel powder-compact specimens having notch root radii of 

0.127 mm. and 0.762 mm., and having ese different density levels. 

The notch root radii were measured individually; they were viewed at 

X100 magnification on the screen of a Vicker's projection microscope. 

The magnified radii of the image was then measured by a specially 

prepared transparent sheet bearing concentric semicircles with radii 

ranging from 5 to 60 mm. in 5 mm, increments. In view of the fact 

that the notch roots tended not to be of constant radius around their 

circumference, the smallest radius in each case was located and 

measured; this method was repeated for the other side of the notch. 

The accuracy of machining notch root radii was found to be within 

+ 0,02 mn. (~ 0,001"). 

The initiation load (for 3-point loading in compression) was 

calculated using the following equation, 

iy = “gross = Mey ices GP ssccvececenssscccecess(37) 

Kee I BW 

whence ee = cy Sete eoeeece esieeeaescet (SB) 

  

maXe 
x& 6
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where Kt® = gross stress concentration factor calculated using a 

computer programme on the basis of Neuber's equations(127» Appendix-I) 

: W y2 
= Staett ° G as 

and M = PL 
2 

ye¥ 
2 

L= Ww 

I = BW 
12 

P=P = AP (when Pens = 0) 

i)
 1 thickness of specimen 

W = width of specimen 

Ww nett width of specimen. 

Knowing °5, the yield strength of the materials, x8, B and W, 

Dee or AP, the load amplitude, was calculated. For each set of 

specimens, there were two different types of notch root radii, 0.127 

and 0.762 mm.3; for each type of root radius, the initiation tests 

were carried out on specimens €3 in number, using varying load 

amplitudes, based, of course, on the calculated one. The overall 

stress range used for the initiation tests was from 43.4 Mt /m? to 

237.6 1/n? and tests were done on an Amsler Vibrophore fatigue 

testing machine using a fixed frequency of 130 to 140 hz depending on 

the nature of the materials. 

The point of initiation was detected by using the electrical 

potential drop technique. The actual point of initiation was taken 

to be the number of cycles at which the initial potential drop across 

the notch had first shown a definite increase on the chert recorders
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8.12 CONSTANT LOAD FATIGUE TESTS 

In order to generate a wide range of AK values over the range of 

crack lengths for which compliance function was available, a suitable 

load range was selected for both low and high AK values. After initi- 

ation of the fatigue crack from the notch at relatively high load as 

indicated in section 7.11, the test load was applied. The constant 

amplitude test load for low and high AK values ranged from (2.44 

¥62) to (2e2 & 2.0) KN for the sintered specimens of density level 1, 

from (145 + 103) to (2.6 + 2.4) KN for density level 2, and from (1.8 

41.6) to (3.0 + 2.8) KN for density level 3 at a stress ratio of R 

~ 0.07. The constant load amplitude for test at the higher stress 

ratio of R = 0.3 was 506 KN ises (5e2 + 2.8) KN. The crack growth 

measurement was started at about 0.35 W (for specimens with notch depth 

= 0.3 W) and 0.15 W (for specimens with notch depth = 0.1 W) using the 

potential drop equipment. With Amsler Vibrophore fatigue testing 

machine, it was found that the constant load amplitude could be main= 

tained to a maximum crack length of about 0.65 W. 

813 MECHANICAL TESTING 

Tensile tests were carried out on No. 12 Hounsfield test pieces 

machined from the fractured half of toughness testing specimens. A 

Hounsfield tensometer fitted with a 2=ton beam and split collets was 

used for this purpose. Meaningful results for % reduction in area and 

elongations were not expected from these small tensile specimens, For 

accuracy and consistency, all the tests were duplicated and in some 

cases, triplicated. Hardness measurements were made on samples 

representative of each series. To avoid unreliable results due to 

porosity, Brinell hardness tester was used with a 10 mm, ball indenter 

and a load of 1000 Kef. Each result quoted is the mean of 10 hardness 

readingse
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The metallographic specimens were impregnated with a combination 

of araldite/hardener (10:1) under low vacuum, left overnight for curing 

or setting, and normal metallosraphie techniques used in hot mounting 

and polishing. Impregnation with araldite/hardener mixture helped in 

preventing fine debris being lodged inside the pores on the polished 

specimen surface. 2): Nital was used for etching ancoloy S.A. compact 

specimens, and a special reagent, 3 HC1 3 picral in alcohol, was used 

for etching maraging and diluted maraging steel compact specimens. 

  

Ordinary Vickers projection microscope had been used for obtaining 

photographs of the microstructuxes, and in some special cases, Reichert 

projection microscope had been used, 

8.14.2 SCANNING BLNCTRON MIGROFRACTOGRAPH   

Fractographic survey on fractured surfaces was made on a Cambridge 

Scanning Electron Microscope (S.5.M.). The S.E.M. technique can be 

used for direct viewing of the fractured surface. In this, a finely 

focussed beam of electrons is made to scan the specimen surface and 

causes emission of secondary and back scattered electrons which are 

picked up by a detector, This signal is amplified and displayed on a 

cathode-ray tube as an image of the specimen surface. Contrast in the 

image is dependent on the nature and topography of the surface, 

For use in S.U.M., the specimens were prepared by cutting to a 

depth of 3.5 m. (about 1/8") parallel to the fractured face, and 

mounting on a special flat stud for insertion into the specimen chamber,
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   AMALYSIS_AND 3 8.14.3 ROM MICROSCORY 

  

A Cambridge Microscan 5 X-ray Mieroanalyser was used to identify 

the discrete phases present in the sintered compact materials, and to 

get an idea of the extent of diffusion into the matrix, With this 

equipment, quantitative analysis of small volumes (~ 1.0 p?) can be 

obtained by comparison of the x-ray intensity of a given element in 

the sample with that of a pure standards | 

A Transmission Electron Microscope, made in Japan (JB0L 100 B) 

was also used to study the fractured surface. The surface was dipped 

in acetone, then covered with Bex-film {cellulose tri-acetate) which 

was stripped dry carefully; carbon was evaporated on the replica 

followed be shadowing with gold-palladium, 

Extraction replicas, first introduced by Fisher(166) had proved 

particularly useful for inclusion identification and for studying 

their size distributions, morphology, and structure. For obtaining 

a reasonable extraction replica, it was necessary to etch or electro= 

polish away the matrix in order to free the inclusions with a solution 

of (90/10) acetic acid glacial/Perchloric acid. 

After evaporating carbon, the extraction carbon replica was then 

released from specimen by etching with a solution a 10% HC1/methanol. 

The main drawback with the extraction replica technique is that 

extraction may modify the particles, In case of coherent or semi- 

coherent precipitates, coherency is lost by extraction. Moreover, 

extraction replicas tend to give an exaggerated idea of the volume 

fraction of particles in a sample, but it may sive some idea of their 

location, for example, at grain boundaries.
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To study the influence of distribution and number of pores on the 

mechanical properties of the sintered materials, the quantitative image 

analysing system, Quantimet 720 was used. Samples parallel with the 

plane of fracture were taken from the fractured half of the toughness 

specimens. After normal grinding and diamond polishing they were 

etched with 5/5 Nital to remove materials that micht have flowed plasti- 

cally into the pores during grinding. To remove all traces of etching 

and to represent a true section through the specimens, they were then 

repolished. 

fo obtain the area fraction value, which is the same as volume 

fraction, the actual area occupied by the pores and inclusions in 250 

fields of view were measured and the result was a simple percentage of 

the area of pores and inclusions over the area examined in 250 fields 

which is 2.87 sqe mn, in fields of 0.0115 sq. mm The optical magnifi- 

cation used was 315X, which on projection through the QTM 720 became 

finally 1300X,
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9. RESULTS 

9.1 MECHANICAL PROPERTIES, Etc. 

Investigations of the mechanical properties, crack initiation 

and propagation characteristics had been carried out in the sintered 

maraging and diluted maraging steel powder compacts, but only the 

mechanical properties had been studied in Ancoloy SA compacts in the 

sintered, and sintered-quenched-tempered’ conditions. 

The test results of the various mechanical properties, etc. 

studied are given in Table III, Fracture Toughness Validity test 

results are shown in Table IV. 

The effect of % porosity on yield stress ( Oys) and fracture 

toughness (K is shown in Fig. 43. It is very clear from this 
10) 

figure that the porosity content has a significant effect on yield 

stress and fracture toughness. Reduction in porosity below ~13% 

causes a marked rise in yield stress, while increase in porosity 

above ~13% causes a drop in yield stress, though the rise or drop in 

yield stress values in the case of material a (maraging steel compacts 

diluted with 50% iron powder) is somewhat sluggish. There is, 

however, a significant rise in fracture toughness with reduction in 

% porosity. In the case of material Mss the gain in fracture tough- 

a with the loss of porosity is remarkable. 

In Fig. 44 has been shown the relationship between the fracture 

toughness (Ky) and yield stress ( Sys) for the three types of 

sintered steels investigated. In the case of material Mm (maraging 

steel compacts) though the toughness increases with yield stress, 

there is a tendency for drop in the toughness values at higher yield 

stress, while with the material M,, the sharp increase in toughness 3? 

values yields only a small increase in yield stress. The material
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My (m, diluted with 25% iron powder), however, shows a remarkable 

balance between increase in toughness and yield stress values. 

Fig. 45 shows the elastic modulus (By) as a function of % 

porosity. ‘he elastic modulus has been calculated by using the 

Nesdam' 3646) equation given by 

Ey = g(l-e 04 x 10° psic 

where Ey = elastic modulus of sintered steel, and 

e= fractional porosity. 

9.2 PORE DISTRIBUTION 

Table V shows the number and sizes of pores obtained by using 

the QIM 720 technique. The size distribution recorded was obtained 

by feature analysis, where the area of each 'pore' was considered 

individually and the number falling into each size category was 

recorded, The area parameter for each phase was chosen since the voids 

were of irregular shapes of random orientation, and particle diameter 

would not have given as true a measure of size distribution. 

An attempt had been made to measure the inclusion content of 

the specimens, but it failed due to the fact that the inclusions 

were predominantly fine oxides and had a similar reflectivity. to the 

‘pores', Consequently separate detection 'thresholds' for pores and 

inclusions could not be operated, and therefore, only one result was 

recorded combining the voids and inclusions, and termed as 'pores'. 

Treating the inclusions as pores should not be too TnacommareioO 

since the particle/matrix interfacial strength is not particularly 

high. Moreover, it simplifies the analysis. 

In Fig. 46 is shown the distribution of 'pores' in some of the 

sintered materials investigated. Predominantly large number of
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‘pores! are in the size range of 3 - 8 pm. The nearest approxi- 

mation would be to consider that the majority of inclusions are in 

this size range, and that the majority of voids are in the size range 

of 100 - 200 pn’. The existence of the wide range of size and shape 

of voids is also supported by the use of the Scanning Electron 

Microscope. 

9.3 INITIATION RESULTS 

In Table VI is shown all the relevant data relating to initia- 

tion studies for sintered and heat treated Ms Moy x and LIM 

compacts. In Fig. 47 is plotted Kt. AS (where Kt is the Neuber 

elastic stress concentration factor for the particular notch and AS 

is the range of nominal stress from zero to S maxe), against Ni (number 

of cycles for initiation) for the notch root radii of specimens Ms 

Mos Be at three density levels, also of specimens LIM, The same Ni 

has been plotted against AK/p* as shown in Fig. 48. The initiation 

behaviour of the two plots follows the same pattern, The 'banding' 

effect of notch root radii om initiation behaviour stands out markedly 

clear. This effect persists even if all the initiation results are 

plotted together, as shown in Fig. 49 for Ni Vs. AK/pé. However, 

when the same Ni is plotted against AK, Fig. 50, as shown separately 

for compacts at different density levels, the banding effect of notch 

root radii gives way to broader scatter band. The banding effect 

practically vanishes if a plot of Ni Vs. AK is made of all the 

initiation results, Fig. 51. 

Judging from the slopes of the plots in Figs. 47 and 48, higher 

the density, higher were the number of cycles for initiation for 

compacts Ms My and M. but for the same lower density ays M; 33
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compacts needed higher number of cycles for initiation than . 

compacts, only reason for which might lie in the distribution, size 

and shape of the pores in the vicinity of the notch tip in these low 

density compacts. 

9.4 CRACK GROW?H RESULTS 

Constant load emplitude tests at constant mean load (load 

profile in Fig. 52) were carried out at a stress ratio R of (a) ~0.07 

for compacts Mas Mos as Mois Moos Mozs are Moe eee L.T.M., and 

(b) 0.3 for compacts Mss My, and Mase Crack propagation rates obtained 

by the method of finite differences have been plotted as a function 

of stress intensity ranges AK, Fig. 53 (a - k)o 

For growth rates at R ~0.07, there is the characteristic change 

in slope from stage 1 to stage 2 in the growth curve. The transition 

occurs at 4K =9- 11 w/n2/2 for R ~0.07. Growth rate curves for 

R = 0.3 also show a transition at a slight higher value of AK 

ee a2 mi/n2/2, That is, at very low values of stress intensity factor 

and crack growth rate, a threshold for crack growth is approached for 

the types of sintered materials tested. The linear relationship 

obtained between log AK and log ga in stage 2 is as predicted by 

equation (27). The stage 3 is not clearly defined since the increase 

in gradient of the curve occurs at very high crack growths which are 

aiffioult to measure. 

It can be seen from table VII that the values of crack growth 

exponent m varies from 2.26 to 3.39 for compacts of My series, from 

2.87 to 4.38, for M, series and from 4.29 to 4.50 for compacts of M. 
2 3 

series. The corresponding values of the pre-exponent C varies from 

4.59 to 107° to 91.83 x 10°, from 0.63 x 1072 to 7.55 x 107° and 

from 0612 x 107 to 9.7 x 107, when the growth rate is in nm/cycle 9
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and stress intensity in rin/m2!2, For compacts of L.T.M. series, 

the values of m obtained is 5.17 and of C is 0.27 x 107, 

TABLE VII 

THE VALUES OF m and C 

  

  

  

  

        
  

  

DENSITY LEVELS 

MATERTALS 1 2 3 
CODE 5 

n x10"? n x07 n cx107? 

My 2.26 24.77 2.81 91.83 5039 4.59 

M, 2.87 1.62 3.59 755 4038 0.63 

M, 4.50 0.97 4029 0.47 4.50 0.012 

m cx10~> 
LIM 

5.17 0027         
  

The crack growth rate curves for Mo and Moy compact materials, 

when the stress ratio R is ~0.07, are identical and nearly fall on 

the same scatter band, Fig. 54, the growth rate being 1.7 to 2.0 times 

faster than for M,, compact material, Fig. 53a over the range of AK 
it 

considered (10 to 35 wn/n2/2), Similar pattern has been noted for aS 

and M,, materials, Fig. 55, the growth rate being 2.8 to 3.0 times 
22 

faster than for M,, materials; the same thing also goes for M 
11 BaF 

May? Ms and Ms compact materials, Fig. 56, where the growth rates 

are about 6.7 to 7.0 times faster than for My material. For L.T.M.
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material, the growth rate, Fige 53j, has been found to be about 10.7 

times faster than for My material. 

At higher stress ratio (R = 0.3) the growth rate curves for a? 

Mos and Mee materials are also identical and nearly fall on the same 

scatter band, the rate being 2.2 to 2.5 times faster than for Ms 

and 6.0 to 6.2 times faster than for My compacts tested at the stress 

ratio of R ~0.07. 

The above observations show that the crack growth curves for My 

Myand M, materials fall on four distinctly separate scatter bands, 
3 

when the stress ratio R is ~0.07. At the higher stress ratio of 

R = 0.3 and only at the highest density of compacts tested, another 

separate scatter band for crack growth data has been found. The same * 

goes for the L.T.M. materials tested at R ~0.07, for which also a 

distinctly separate scatter band has been obtained, Though the values 

of m obtained are roughly indicative of this trend, it is the combin- 

ation of the values of m and of the pre-exponent C that determines 

the rates of crack growth in each of these materials. 

9.5 METALLOGRAPHIC OBSERVATIONS 

An examination of the etched specimen of My series in the sintered 

and fully heat-treated condition showed that the microstructure was 

essentially martensitic and massive in nature, Fig. 59, with pores 

more or less rounded in higher density compacts. Specimens of M,, 
2 

and LIM series showed the martensitic structures with fair amount 

of ferrite, Fig. 60, 61. Pores of different geometry were visible 

in the specimens, their shape and size depending on the density of 

the compacts. Higher the density, finer and more rounded the pores. 

In the sintered condition, the structure for My series of compacts was 

austenitic with well-defined grains and pores, Fig. 62.
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Microstructures of Ancoloy SA compacts showed ferrite and 

lamellar pearlite in the sintered condition, Fig. 63, and tempered 

martensite (troostite) in the quenched and tempered condition, 

Fig. 64 with random distribution of pores of different geometry, 

depending, as before, on the density of the compacts. 

Scaming Electron Microscope-image of the deeply etched micro- 

structures showed clearly the random orientations of the mastensitic 

plates in the M, series of compacts, Fig650 Some of the particles 
Bh 

revealed by longer etching with the special reagent of 3 HCl 3 

Picral in alcohol had been analysed to be some intermetallic compound 

of Ti , possibly Ti (C,N), Fig. 66. 

The distribution of the elements in the maraging (4, series) 

and diluted maraging (ty and M, series) compacts was investigated by 

the electron probe microanalyser,. It was found that the elements 

were finely well-distributed except for Ti, Mo and Co, Fig. 67, 

which showed some segregations 

Though mostly in clusters, two distinctly different t:pes of 

inclusions had been observed in the unetched metallographic sections 

of Ms My and M, series of compacts under unfiltered illumination in 
3 

the light microscope, Fig. 68, 69, 70. 

(a) Angular inclusions, usually square or hexagonal. ‘These 

appeared light pink or orange. 

(b) Elongated inclusions, appearing grey with a slight mauve 

or violet tinge. 

Electron microprobe analysis showed that type (a) inclusions 

contained Ti and sometimes some Zr in the centre. Type (v) inclusions 

contained Ti, S and some Zr, It might be that the angular pink-orange 

inclusions were carbonitrides, in agreement with the description of
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Ti (C,N) in the literature (168). Zirconium present in the centre of 

Ti (C,N) might be in the form of Zirconia or Zirconium Carbonitride. 

It is possible that, by analogy with Titanium Oxide (168), the 

Zirconium Oxide is read, while Zirconium Carbonitride is of the same 

colour as Titanium Carbonitride. Accurate analysis of the inclusions 

was not possible in the Electron Microprobe Analyser, since the 

inclusions were smaller compared to the cross-section of the electron 

beam resulting in the interference signals from the matrix around the 

inclusions. The qualitative results obtained with the Microprobe 

Analyser were confirmed by using a 'KEVEX' Energy Dispersive X-ray 

Mnalgees attached to the Stereoscan Electron Microscopes 

The crack path was closely studied and found to be mainly 

influenced by the alignment , distribution, and shape and size of the 

pores ahead of the crack tip. The presence of numerous inclusions, 

mainly intermetallic compounds of Ti, on the path of the cracks also 

influenced the rate and direction of crack growth, The crack paths 

were not straight as shown in Fig. 71, 72 in the unetched condition. 

In all the powdered compact specimens, the effects of the distribution 

and alignment of pores (D.A.P) on the crack path was so predominant 

that the favourable orientation effect of grain-boundary with respect 

to the direction of crack growth was difficult to assess, Also, the 

D.A.P. effects were clearly reflected in crack-forking, Fig. 73, - 

branching, Fig. 74, - arching, Fig. 75, island and pseudo-island 

formation, as shown in Fig. 76, 77. The extent of the D.A.P. effect 

could be gauged by observation of the crack tip, Fig. 78, where the 

erack tip seemed to lose its identity in the clusters of pores. 

The formation of island, and branch cracks was the most general 

features of the powder compacts, due mostly to the D.A.P. effect.
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These branch cracks were mainly inter-granular. The main branch of 

the crack seemed to be influenced by the presence of pores and 

inclusions in its path, whereas the branch cracks seemed to have been 

influenced by the presence of the pores, Fig. 79, 80. The extent of 

erack branching was such that it frequently caused the formation of 

islands in the crack path, Fig. 81. 

9.6 FRACTOGRAPHIC OBSERVATIONS 

The fractured surfaces of the compact specimens were closely 

investigated by the Steroscan Electron Microscope. The porous 

materials all had, more or less, a similar fracture surface with 

extensive plastic deformation and dimples, and some tendancy to grain- 

boundary separation. ‘The micromechanism of fracture was the 

coalescence of the microvoids in which case the internal linking 

drew out the walls of the pre-existing voids until the linkage 

occurred, The micromechanism was of the ductile dimple type in every 

case, Fig, 82, and the presence of pores evidently decreased the 

tendency to brittle cleavage fractures 

There was found no significant difference between fatigue and 

fast fracture surfaces as is normally found in non-compact materials. 

Also, no striations were observed on the fracture surfaces; there 

was ne definite trend of a particular type of cracking associated 

with a particular stress intensity level. 

Round particles found in the fracture surfaces were original 

powder-particles and least amenable to sinter-bonding, Fig. 83. The 

inclusions and the second-phase particles seemed to play a prominent 

role in the fracture process. In Fig. 84, the matrix did not adhere 

to the cubic Ti (C,N) inclusion which allowed the voids -to open early
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in the fracture process leading to tensile dimple rupture. Dimples 

shown in Fig. 82 were composed of more than two different sizes. 

The larger dimples probably formed at the Ti(C,N) particles, All of 

the dimples were probably caused by particles of some sort. Ti (c,N) 

particle shown in Fig. 85 triggering the formation of voids might 

have split before the void opened. 

Some larger pores, Fig. 86, opened up during the fracture 

process by intergranular cracking, besidés containing some remnants 

of Ti (C,N) particles being fusion-bonded to the internal pore 

surfaces, bore evidence of thermal etching undergone due to sintering 

at high temperature for a long time. Decohesion of inclusions from 

the matrix was also observed. Fig. 87 shows an iron-rich particle 

decohesed from the matrix during the fatigue crack propagation. 

Fracture surfaces also revealed some deep branch cracks running along 

the grain-boundaries, Fig. 88. 

Transmission Electron Microscopy was also used in the study of 

the fracture surfaces. Thermal etching effects, left on the internal 

pore surfaces due to high temperature sintering had been revealed by 

Transmission Electron Microfractography. These fine markings should 

not be confused with striation markings which give an indication of 

micro crack growth rates. In Fig. 89 is shown a combination of big 

and small dimples and thermal etchings. 

Using the Extraction Replica Technique and the Transmission 

Electron Microscopy, the precipitates extracted from the fractured 

specimens and shown in Fig. 90 were identified to be Ni,(Al,Ti) and 

n- A, 05° Other precipitates were much smaller and could not be 

analysed due to their size being smaller than the cross-section of 

the electron-beam.



  
Fig.33. The Die-System and the Compacted Specimens.
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Pig.35. Dimensions of Single-Edge-Notch Bend Test-Piece. 

sing Steel Powder NATERIAL A: Naraging and Diluted Mar: 
Heat-Treated. Compact, Sintered and Hea 

  

25.501 Vield | 7205} 165 | Ost27, 0.762 
& & 

22.50 41.25 2.25 

MATERIAL B: ANCOLO} 
Heat-      

    

  

25.00 12.50 7.50 Ve5) 0.127, U.254 <0 
| 07.808, (02752 
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Fig.36. Clip-in Displacement Gauze and 
Method of Mounting.



  
Fig.37. Amsler Vibrophore Fatigue Testing Machine 

and Potential Drop Unit with the Close-up 
of Specimen Connections. 
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PLg. 3B. Principal types of force/displacement records showing quaatities involved in analysis 
(After B.S.I. (155)).
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Fig.41. Examples of the Fractured Halves of Sintered Specimens 

for deriving the Calibration Curves of Va/VoW Vs. a/W.
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TABLE TIT 

  

  

DENSIPY Levis 4 2 3 

  

Final Density, Mg, in? G69 ltet| Ted 

   (After sintering end Heat—treatnent)               

MATERTATS CODE i (Managing Steel Powder Compacts with high T;) 
  

  

Ka si/m2/2 26.2 |29.6 |34.1 

U.E.S. (¥.S), MY/n? 842 | 899 11134 

fu 2650 | 2205" | 1265 

% RA €0.5. | <055) 10.5 

Hardness, Bw... 250 | 292 | 368 

Porosity, % 1655 113.7 (11.4 

Elastic Modulus @,)s on fae 109 | 121 | 132           

NATERIALS CODE M, Ge, + 25% Iron Powier Compacts) 

  

  

  

  

ee xay/n?/? 27.5 |30.4 |34.7 
UW.IS~ (G5); M/n? 642 | 770 | 966 

6B 3.5 2172.5 

6 RA «0.5 }<0.5 | 1.0 

Hardness, B..N 483 | 205 | 270 

Porosity % 16.1 |12.9 | 9.8 

Plastic Modulus (8), GN/n" 410 | 125 | 144    



PAVE TCT 

  

Gt, + 505 Iron Powder Co     

  

Kyge tntfae/? 29.1 | 32.0 |35.8 

U.U.5% MN/m? 521 | 562 | 639 

YS. (* 0.2 4 P.S.), wt fre 521 | 531*| 601% 

$B 3.0 | 3.0 | 5.0 

5 RA 0.5 | 0.5 | 1.0 

Hardness, B.H.N i 420 | 145 | 173 

pencsste % Tet 111.2 Seo 

Elastic Hedulus @): Gx/ne 412 | 133 | 146       
  

  

  

Final Density, Mg, ne 6.6 

a 2 Kygs 1l/a 3/: 22.9 

Uet.S. (£68), 191/me 612 

ok 1,5 

@ RA 0.5 

Hardness, B.H.N 190 

Poxosity, % 18.9 

Blastie Modulus @y)s Gii/m= 98         

ANCOLOY SA COMPACTS 

  

  

   
Pinal Density, Ne/w 6.7 6.9 

Porosity,  % Deo | tee 

Plastic Modwhuis 

 



TABLE TTT - Cont'd. 

MATERIALS CORE ASA-S (Ancoloy SA Powder Compacts, Sintered) 

  

Kar rafal 2 24-9 28.5 

U.?.S. (¥.S), MN /n? 421 4m 

% EB 2.5 3.0 

@ RA. 0.5 <0.5 

Hardness, B.H.N. f 149 179           

(Ancoloy SA Powder Compacts, Sintered, 
Quenched and Tempered) 

  

  

Kgs 1ni/n/? 25.8 | 29.6 
U.S. (Y.-S), 1M/ne 658 133 

GR 4.5 5 
% RAs 0.5 <0.5 

Hardness, B.H.N. 327 372        



ABLE TV 

  

  

  

oy.s. 
ee 

2.5 @) 

  

MATERIALS KQ Thickness B, 
ccbs 3/ 2 

M/n 7/2 | MN/ n Mme mn. 

M44 26.2 842 2.42 14675 

Wyo 29.6 899 2.71 14.75 

ys 34.1 4134 2.26 41.25 

yy 2165 642 4.62 44075 

Moo 50-4 770 3290 11.75 

Moy 3467 966 3.22 11.25 

iy, 29.1 521 7-78 11-75 

io 32.0 531 9.06 41.75 

ls 35.8 601 8.B8 11.25 

LT 22.9 612 3.50 11.75 

ASA-S (1) 24.9 427 8.52 42.50 

ASA-S (2) 28.5 ATA 9.18 412.50 

4st-sqr (1) 25.8 658 3.83 42.50 

ASA-SQT (2) 29.6 133 4.07 12.50         
  

 



TABLE V 

QTM720 IMAGE ANALYSIS OF THE NUMBER AND SIZES OF ‘PORES! 
  

  

MATERIALS VOL. FRACTION NUMBER OF ‘PORES’ WITH AREAS IN SIZES SHOWN IN pp* 
  

  

CODE OF 'PORES' 

(2) «20 (20 -100) (100-200) (200-500) (500-1009) 1000-5000 5000-10,000 <10,000 

un 16.3 13011 8191 965 1215 8h 1320 332 1sT 

Myo 13.7. 17682 12324 1338 1263 943 1485 263 66 

3 1.4 20632 15020 1375 153 1095 1432 127 ho 

Moy 1€.1 15206 9460 1423 1434 935 1515 288 151 

Myo 12.9 19hhs 13594 1783 1654 845 1268 222 19 

Ma, 9.8 18083 11805 2070 1836 100 1243 109 20 

Moy 15.7) 12070 6309 1586 1498 88 1232 294 1 

Moo 21.2) 13405 1353 1647 1630 1048 1385 220 122 

M33 8.9 14400 8434 1900 1837 915 1163 jek 25 

ASA-S, 15.5 12707 6596 1169 1970 951 1138 193 90 

ASA-S, 12.2 13167 6983 2048 1846 946 1134 133 16 

  

* Ipp = 1 picture point on the QTM screen = 0.227 pn dieneter, # Ipp’ = 0.0515 pm’.



TABLE VI 

INITIATION RESUL! 

  

  

  

  

  

            

hiatertans | Pan. | AP As, | 4% 3/o| KeAS Ax/p? |ni x 10° 
cons XN w/a MN/1 Cycles 

My, 0.127 | 2.4] 52.4 8.1 436.0 | 718.8 42 

3.2 | 69.4 10.6 576.9 | 958.4 90 

508 | 125.9 19.6 1046.6 | 1739.3 3 

Deano 18.2 974.5 | 1615.1 6 

2.2 | 48.0 Teh 599.1 656.7 170 

0.762 | 5.4 | 118.0 18.2 435.9 | 659.4 2 

2.8 | 60.9 944 225.2 | 340.6 21 

2.6 | 56.5 8.8 209.2 | 318.8 130 

4.0 86.9 13.5 321.6 489.1 4 

Myo C.127 | 3.8 | 82.4 12.8 685.2 | 1135.9 5 

2.2 47.8 74 397.5 656.7 8 

3.0 65.1 oe 10a 541.2 896.3 12 

3.4 | 74.0 1165 615.1 | 1020.5 10 

2.6 | 55.5 8.8 469.5 | 780.9 48 

0.762 5.8 | 126.8 19.6 469.0 710.1 5 

364 1369 11.5 273.7 416.7 91 

3.0 | 65.4 10.1 242.1 | 365.9 240 

6.0 | 130.3 20.2 482.1 | 731.9 2 

My 0.127 | 8.8 | 210.1 17.6 | 1521.3 | 1561.8 2 

5.2 | 123.6 10.4 895.2 | 922.9 29 

8.6 | 205.5 417.2 | 1495.5 | 1526.3 4 

4.8 | 114.2 9.6 827.1 | 851.9 55 
  
     



TABIG VI (Cont'd) 

  

  

Marertans | Pan. | AP ae By Kt,as| Ax/p® | xi x 10? 
coDE x | 3at/n yoi/nd/? cycles 

9.0 | 214.6 18.0 1559.5 | 1597-3 3 

5.0 | 118.68 10.0 860.0 | 887.4 aT 

4.4 | 104.7 8.8 758.3 | 780.9 130 

0.762 | 9.6 | 229.4 19.2 | 184.9 | 695.7 23 

8.4 | 200.8 16.8 686.1 | 608.7 42 

10.0 | 237.6 20.0 812.9 | 724.6 3 

9.2 | 218.8 18.4 748.5 | 666.7 9 

9.0 | 195.7 18.0 724.2 | 652.2 5 

8.0 | 174.2 16.0 644.6 | 579.7 20 

6.0 | 130.3 12.0 482.0 | 434.8 129 

iw 0.127 | 2.8] 60.7 9.4 | 504.9 | 834.1 | 127 

3.0} 65.2 10.1 542.2 | 896.3 28 

3.2 | 69.4 10.8 577.0 | 958.4 148 

3.6 | 718-4 12.1 651.7 | 1073.7 3 

0.762 | 5.8} 126.0 19.6 466.6 | 710.1 2 

5.2] 113.0 1755 413.5 | 634.1 21 

3.8 | 82.4 12.8 305.1 | 463.8 68 

4.0| 86.8 13.5 321.7 | 499.1 480 

Mop O.427,| 4.4)" 95.3 44.8 | 792.1 | 1313.3 4 

3.0} 65.0 40.1 | 540.2 896.3 57 

4.8| 104.2 16.2 865.8 1437.6 2 

4.0| 87.6 13.5 | 723.2 | 1198.0 18                   
 



PARLE VE (Cont! a) 

  

  

  

manserats | Pon, [ap | 45) A, Jo | Xt-88] ax/p e Ms x 10° 
cops Yu | a/ w/in” ye! 

0.7162 5.6 | 121.6 18.9 450.5 684.8 4 

3.8 | 82.5 12.8 305.7 | 463.8 27 

5.6 | 121.6 18.9 449.8 684.8 5 

5A | 1703 18.2 434.3 | 659.4 20 

3.6 | 78.2 12.1 289.7 | 438.4 98 

Noy 0.127 | 5.2 | 123.6 10.4 895.0 | 922.9 66 

5.6 | 153.3 41.2 968.8 | 993.9 56 

4.4 | 104.8 8.8 761.9 | 780.9 484 

6.0 | 143.0 12.0 1043.2 | 1064.9 9 

6.2 | 147.6 12.4 1073.0 | 1100.4 5 

0.762 | 8.6 | 205.4 47.2 702.7 | 623.2 9 

8.8 | 209.3 17.6 116.0 | 637.7 16 

9.6 | 228.5 19.2 781.8 | 695.7 ct 

7.8 | 185.3 15.6 633.8 | 555.2 91 

8.4 | 200.4 16.8 685.7 608.7 19 

My 0.127 | 3.4 | 73.8 41.5 613.3 | 1020.5 13 

B-8) |) 02.5 12.8 685.5 | 1135.9 4 

2.4, |) “52.2 8.1 433.6 | 718.8 350 

4A 95.5 14.8 794.0 | 1313.3 2 

0.762 3.2 69.5 10.8 25765 591.3 92 

5.8 | 125.7 191.6 465.4 | 710.1 2 

5.0 | 65.1 10.1 2h1.2 | 365.9 310               
  

 



TABLE VI ( Cont! 4) 

  

  

              

huarsrrats | Pom. | ap eek Bp oe x/pa | Mx 107 
CODE KH MN/ m° | N/m 24% Be EER Se lovelies 

5.6 | 121.6 18.9 450.3 684.8 6 

Msp 0.127 | 3.4] 80.8 6.8 584.7 | 603.4 381 

3.8] 90.2 7.6 65341 674.4 37 

3.6 85.6 7.2 624.5 638.9 188 

566] 133.1 11.2 967.1 993.9 3 

0.762 | 6.4] 151.7 | 12.8 | 519.0 463.8 16 

6.0] 142.2 12.0 | 486.4 434.8 118 

8.0] 189.7 16.0 | 649.1 519.7 2 

6.8] 161.4 | 13.6 552.1 492.8 37 

u,, 0.127 | 5.8] 137.7 11.6 1000.6 | 1029.4 17 

4.8| 114.4 9.6 | 828.0 851.9 100 

5.6] 132.9 11.2 965.6 993.9 55 

5.0] 119.0 | 10.0 | 868.6 887.4 68 

6.4] 152.2 12.8 [1106.0 | 1135.9 4 

0.762 | 8.0] 190.8 | 16.0 | 652.6 519-7 26 

8.8| 209.7 17.6 NIT.3 637.7 

9.2| 218.9 | 18.4 748.7 666.7 6 

8.4] 200.6 16.8 | 686.2 603.7 18 

T2)> 1703 14.4 | 585.9 521.7 150      



PABLE VI. (Cont'd 

  

  

BP | AS ak 
MATERTALS = ae * * Bi 

cobs Pam. mr | ony ne | am/fm 2/2) EES ayes ft 1? 

Lit 0.127 eh | 197-5) 31 1862 976.4 | 1615.1 1 
Qow Ti 5 
sintered 4.4 | 95.3 14.8 19205 1315.3 2 

Hareging 
compact) | 2.4 | 52.0 8.1 432.2 | 718.8 10 

2.0| 43.4 | 6.7 360.9 | 594.6 58 

2.2| 47.8 1.4 397-5 656.7 30 

0.762 6.0] 129.9 | 20.2 481.0 | 731.9 2 

3.2| 69.4 | 10.8 257.0 | 391.3 12 

2.6| 56.4 8.8 208.7 | 318.8 45 

24] 52.2 8.1 193.0 | 293.5 ” 

4.8| 104.1 | 16.2 385.4 | 587.0 4               
    Notch depth for M,,, Migs Moys Moor Ma? Myos and LTM Compacts ~ 0.3 Wj 

Notch depth for Maas M53 and M3 Compacts ~0.1W.   
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Particle Size @ys2) of Marasing Steel 

Pre-alloyed Powders ~250p. 
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Fig.57. A cluster of Maraging Steel 
Powder Particles. 

  
Fig.58. Green Maraging Steel Powder 

Compact.
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Fig.59. Typical Microstructure of M, series 
of Maraging Steel (M.S.) Compact. 

Sintered and Heat-Treated (S.H.T.) 
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f—1/10 P.S.—4 

Fig.60. Microstructure of M, Series of 

Diluted M.S. Compact. S.H.T.
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Fig.61. Typical Microstructure of M, Series 

of Diluted M.S. Compact. S.“H. T. 
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Fig.62. Microstructure of M, Series of 
M.S. Compact. Sintered only.



  

Fig.63. Typical Microstructure of Ancoloy SA 
Compact. Sintered. 

  

f1/10 P.S._ 

Fig.64. Microstructure of Ancoloy SA Compact. 

Sintered, Quenched and Tempered.
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Fig.65. S.E.M.-Image of Typical Microstructure 
of M, Series of M.S. Compact. S.H.7. 
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Fig.66(a). S.E.M.-Image of Microstructure of 
M, Series of M.S. Compacts. S.H.T.
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Fig.66 (b). Same as in Fig.66(a) at High 
Magnification. 
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Fig.66 (c). i X-Ray Image of Area in Fig.66(b).
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Fig.67(a). Electron-Image (Reversed) and line of Trace of 

a Selected Area of Matrix of M, Series of M.S. 
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Fig.67(b). Typical Distribution Pattern of Elements 

along the Line of race of Fig.67(a).
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Fig.68. Typical Distribution Pattern of Inclusions 

in M, Series of M.S. Compacts. Unetched. 
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Fig.69. Typical Distribution Pattern of Inclusions 

in My Series of Diluted M.S. Compacts. 

Unetched.
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Fig.70. Typical Distribution Pattern of Inclusions 

in BS Series of Diluted M.S. Compacts. 

Unetched.



  

Fig.71. Uneven Crack-Path in the Unetched 
Condition. 
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Fig.72. Island Formation along the Crack- 
Path. Unetched.
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FPig.73. Crack-Forking and Arching. 
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Pig.74. Crack-Branching.
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Fig.75. Crack-Arching. 
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Fig.76. Island Formation.
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Fig.77. Pseudo-Island Formation. 

  

1/10 PS. 

Fig.78. Crack-Tip Lost in Clusters of Pores.
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Fig.79. S.E.M.-Image of Crack-Path Showing 
Effect of Pores and Inclusions in 
Crack Extension. 
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Fig.80. S.E.M.-Image of Crack Damage.
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Fig.81. S.E.M.-Image of Island Formation. 
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Fig.82, S.E.M.-View of Fracture Surface 
Showing Tensile Dimples of 

Varius Sizes.
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Fig.83(a). Round Particle in the Fatigue Surface 

Showing Least Tendency to Sinter— 

Bonding. 

  
Fig.83(b). Fe X-Ray Image of the Particle in 

Pig.83(a).
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Fig.84(a). S.E.M.-View of Fast Fracture Surface with 
Well-Defined Grain Boundaries imprinted 

in the Internal Surface of the Pores. 
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Vig.84(b). Cubic Ti (C,N) Particle Shown in 
Fig.34(a) at High Magnification.
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Fig.84(c). Ti X-Ray Image of the Enlarged 
Particle shown in Fig.84(b). 

  

f—1/100 P.S.—4 

Fig.84(a). Fe X-Ray Image of the same 

Particle.
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Fig.85(a). Split Ti(C,N) Particle in the 
Fracture Surface. 
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Fig.85(b). (i) Avea Analysis of Elements in the Matrix of Fig-85(a). 
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Fig.85(a).
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Fig.86. Ti (C,N) Particle Fusion—-Bonded to 
the Internal Pore Surfaces with 
Signs of Thermal Etchings.
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Fig.87(a). Decohesion of an Iron-Rich Particle. 
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Fig.87(b). Co X-Ray Image of Fig.87(a).



    

Fig.87(c). of Fig.87(a). 

    
y Image of Fig.87(a). 
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Fig.88. Deep Intergranular Branch Cracks. 
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Fig.89. T.E.M.-View of Different Types of 

Dimples and Thermal Etchings.
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Fig.90. (>) N-A1,0 Precipitates. 
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10. DISCUSSION 

From an inspection of the sintered density data on maraging 

and diluted maraging steel compacts, Table III, it has been found that 

the original "Green Density Vs. Compaction Pressure" matrix, which was 

designed and found satisfactory with minimum of experimental error, 

has shifted to the left, as shown below, in stages (‘target' green 

densities and corresponding sintered densities obtained in each level 

are also shown): 

Green Density Levels 

2 2 2 

M) a, (5.8) dy (6.1) a; (644) 
ORIGINAL 

(a) My, a, (5.8) a, (601) a, (6.4) ue 

M, a, (5-8) a, (6.1) a, (664) 

Sintered Density Levels 

2 

My a, (M > (6.9) a, (Mm ) (7-1) as () (7.3) 

(v) My ay (My) (6. HOO (H,) (6. is (M,) (7.1) 

Me a, (HG) (65) ay (,) ( oN, (s) (6.9) 
See 

where, due to shift in sintered density, 

ay (tt) = 4d, (4) acy (4) and 

a, (™,) = a, (M5) as shown 

Written in proper order, the new sintered density levels 

can be arranged as:
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New Sintered Density Levels 

x & 2 

M, 4, (1) (6.9) a,(%)) (7-1) a0) (763) 

M, a, (Mz) 1 4,04) (6.9) a5(H) (761) (-) 

Mz 4,(,) a, (M,) a,(,) (669) (-) G) 
' (Left Hand Side) (Right Hand Side) 

creating voids (~-) or imbalances in the matrix. 

To maintain proper balance and ‘symmetry in the matrix, 

specimens with sintered density shown on the left hand side of the 

matrix have been discarded, while sets of new specimens have been 

compacted following extrapolation of calibration curves to complete 

the right hand side of the matrix. 

The shift in the sintered density seems to arise from the 

particular sintering behaviour of maraging steel powder when combined 

or diluted with iron powder in different proportions, The variation 

of density, as indicated in the green and sintered density matrix 

shows that for the same green density level 1 (green density 5.8 Me/m?) 

compacts in the My group have the highest gain in sintered density, 

the lowest gain being shown by compacts in the My group. The same 

trend is shown by compacts at progressively higher green density levels 

(6.1 and 6.4 Mg/m?)» This gain in density has been manifest in the 

contracted specimens after sintering. Maraging steel powder, when 

mixed in definite proportion with pure iron powder, results in compacts 

less dense than compacts made of maraging steel powder after sintering. 

Since no dilution had been carried out with iron powder in 

case of Ancoloy SA (ASA in short) compacts, there was no disporpor- 

tionate shift in sintered density. The sintered density obtained 

in these compacts was lower than the initial green density and this 

was due to carbon-loss during sintering.



97 

10.1 IMPORTANCE OF TITANIUM IN MARAGING STEGLS. 

The influence of titanium on the properties of the sintered 

maraging steel compacts can be best understood by considering its 

importance in the wrought maraging steel, as detailed in section 3.5.2.6 

The higher strengths in the 18% Ni maraging steels are achieved mainly 

by increasing the titanium content and its importance can be realised 

from the fact that, in wrought form, for each 0.1% Ti, the yield 

strength is increased by 68.9 MN/xie (10 Ksi). The NTS/TS ratio 

decreases in air melts containing more than 0.4% Ti, Fig. 5. This 

drop-off is very sharp for maraging at 485°C (905°F), aropping to a 

NTS/TS ratio of 1 at 0.6 to 0.7% Ti. ATi content of 0.7% was found 

to be the upper limit by Decker et a1'20) (20) | Banerjee and Hayser 

quoted an upper limit of Ti ~1.1% in 16% Ni-Fe base material without 

adverse effects on mechanical properties; in fact, it was shown to 

develop a Hardness of about 43 Re, Fig. 91. The figure also shows the 

effect of low Ti or lack of it (as in LIM group of compacts in the 

present work) on 167% Ni-Fe base. Low Ti has also adverse effect on 

the NTS/TS ratio, as shown in Fig. 5. 

The particular mechanism, which operates contributing to 

hardening, depends upon the nature, size and density of the precipitate 

distribution. Much work has been done towards identifying the 

composition and structure of these precipitates, but the results to 

analyse the precipitate phases are by no mearig in agreement. A general 

trend, however, suggests that Mo precipitates out as NisM under 

normal ageing conditions. This is a metastable phase, being replaced, 

on overaging, by FeoMo or a sigma phase, Ti generally appears to form 

Ni,Ti, but this is generally difficult to identify in the presence of 
3 

Ni,Mo, and so a complex Ni,(Mo, Ti) may actually exist(27>34), other
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elements are normally found to be present in these precipitates, but 

Co is the exception, appearing to remain entirely in solution. In 

the present study, the only precipitates that could be analysed were 

extracted from the fractured surfaces, and analysed as abs (Al, Ti) 

and n- Aly O53 other precipitates were too small to be analysed by 

electron diffraction. 

The hardening effect of titanium is due to the fact that its 

addition to 18% Ni maraging steels results in the formation, in the 

overaged condition, of a lath-like Widhansta ted precipitate formed 

with its long axis parallel to the (11) direction of the matrix, and 

having the composition and structure of Ni,Ti. However, in the condition 

of maximum hardness, although a Widmanstatten precipitate is present 

in thin foils as observed by Miller and Mitche11 31) and can be 

associated with streaking of the thin-foil diffraction patterns, a 

fine spheroidal precipitate is also present in an amount much too 

plentiful to result from the viewing of the Laths end-on, Miller and 

Mitcner1 (22) found faint spots in the {100} matrix reflection position, 

but these cannot result from either streaking caused by the precipitate, 

or double diffraction, but are an indication of ordering. It seems 

probable that ordering may occur as a pre-precipitation reaction, 

involving the spheroidal zones. This ordering could possibly be based 

on the Ni Ti, B, structure, or more likely on a metastable Ni,Ti, oe; 
a 

structure. Co, which also forms ordered b.c.c. compounds with Fe, 

could possibly stabilize formation of these ordered zones at peak 

hardness even though, in the final equilibrium precipitate, Co is not 

present in detectable amounts, Thus the hardening mechanism of Ti may 

be suggested as:
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Z 2 3 

Massi ae Z £ Ord ——— > Widm tate ssive ——_—______f Zones of Order idmanstatten 
martensite a Ti (00;,) precipitate 

Ni, Ti (D0, 4) 

where peak hardness occurs between 2 and 3. 

Though it is important to have the right percentage of 

titanium content in the 16% Ni sintered maraging steel to develop and 

realise the potential mechanical properties, difficulties have been 

encountered in the production of the pre-alloyed maraging steel powder 

with the specified titanium content, due mainly to the tendency of 

titanium to oxidise, segregate, and separate out only to combine with 

dross and film which may be developing in the melt, It is, therefore, 

essential to have an inert atmosphere melting plant to avoid loss of 

titaniun,
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10.2 CRACK INITIATION RESULTS 

Taylon\19?) and Paviin (20, geen ine witheint tation studies 

on maraging steel, found that the initiation characteristics depend on 

the condition of the material, For the maraging steel, Taylor and 

Parkin found that the initiation life is better in the solution 

treated, machined and aged condition than in the fully heat treated 

and machined condition. In the former, the ageing temperature is too 

low for recrystallisation, but there will be a tendency for residual 

stresses, which are compressive, to be relieved and the surface will 

be oxidised if the treatment is carried out in air. Moreover, there 

will be an additional major change, which is the precipitation of the 

hardening phase on dislocations. Since the surface of the notch 

contains a high dislocation density, as a result of the machining 

operation, this structure will be effectively locked in by the 

precipitation, forming a strong surface layer. This argument is 

supported by the higher hardness value in the vicinity of notch 

guess than the bulk material.  Taylor\!°?) ana Parkin'*") coula find 

no hardness increase on the surfaces of specimens machined after ageing. 

This means that the strengthening effects of precipitation more than 

balances the weakening effects of oxidation and stress relieving. 

The significance of the above observations lies in the fact 

that the sintered specimens used in the present study were sintered, 

solution treated, machined/notched and aged. Whatever the beneficial 

effect of this sequence of operations in the initiation, there was 

found no significant hardness increase in the vicinity of the notch 

tip in these specimens aged after machining and notching operations. 

Since no other heat treatment sequence was followed for these compact 

specimens, the change in initiation behaviour encountered in the
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material of such compact nature, may arise from some combination of 

the following factors: 

(a) the specimens being compacted to different density 

levels and 

(b) made to different compositions by dilution with pure 

iron powder in certain proportions 

(c) the particular distribution and alignment of pores at 

the notch tip, and 

(a) the presence of residual compressive stresses, however 

slight, after the low temperature ageing operation. 

Early attempts to study the material behaviour in fatigue 

crack initiation used a stress concentration factor approach which 

yielded design information expressed as a relationship between Ni, 

the number of cycles to initiation of a fatigue crack from a notch, 

and Kpe AS, where Kn is the Neuber elastic stress concentration 

factor for the particular notch, and AS is the range of nominal 

stress from zero to S max. 

Poliewige the: examples of Weentmarl 42) ) aiiby and Healal’ ©), 

(123) Jack and Price » a stress intensity approach has been used in the 

present study to provide a general description of crack initiation and 

propagation in the notched specimens. Weertman'148) | Bilby and Heald 

(270) used a model of plastic relaxation at the crack tip to develop 

an expression relating Ni, the number of cycles to initiate a crack to 

the stress intensity factor range AK in the form 

2YG A (39) 
Tac ( = AK?) 

Ni 

  

where Y= @c-Oy is a measure of the plastic work done 

per uhit area of fracture ®c is the critical value of the cummulative 

displacement at which the crack initiation is considered to occur,
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and G is the shear modulus. It was assumed here that, when the sum 

of the plastic displacements at the crack tip exceeded the critical 

value @c, the crack would extend. 

Though this approach provides no significant improvement to 

the design criteria, it leads to an unified approach in crack initiation 

and propagation in the notched specimens and enables comparisons with 

other workerse 

The initiation results plotted-as Ni Vs. Ky AS for the 

compact specimens, Fig. 47, show a distinct banding effect in the two 

levels of notch root radii tested. This effect exists even if plotted 

as Ni against AK/ ps, Fig. 48, where AK is the range of stress 

intensity factor which would exist if the notch were a sharp crack of 

the same depth as the notch, p being the measured root radius for the 

(123) notch. Jack and Price used mild steel specimens, which were 

annealed after notching, and obtained good correlation of Ni with the 

parameter AK/ p 4, without much scatter or any banding effect. The 

initiation data, on the other hand, replotted as Ni Vs AK with a lower: 

powdered exponent of root radius, Fig. 92 shows that the banding effect 

is markedly reduced, though some scatter still persists in the plot. 

A possible explanation could be found in the existence of residual 

stresses and/or work-hardening in the notch due to machining. 

According to Neuber(228) ’ Kp has a roughly BE dependency 

(Appendix I), and takine into account of the fact that residual 

compressive stress, even after low temperature ageing operation, is 

an additional source of stress superimposed on the existing stress 

concentration, the real relationship between Ni and AK/p" tends to 

become empirical in order to compensate for the variation in stresses 

needed to initiate cracks from blunt and sharp notches, The plot in 

Fig. 92 is based purely on empirical analysis of the data where a 

lower power of P (n = 0.3) in the relationship
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a AK 9 Ni = B ( 3 ) seesceeeese (40) 

has been employed, whereby the banding effect has been markedly 

(125) minimised, Pearson also found distinct banding effect when his 

initiation results were plotted according to notch root radius. He 

used motoned aluminium alloy specimens without heat-treatment sub- 

sequent to notching, and so these specimens contained any residual 

stresses and/or work-hardening. 

The initiation data as plotted “in terms of Ni Vs. AK, Fig.51, 

also show reduced banding effect, though with some scatter, which 

should not be considered unusual for materials of such sintered 

nature. In this plot, it has been found that Nie (AK), where 

Tle sepieini iar tolsack and Price's 12>) plot, where n was found to 

be 4e 

From the Fig. 51, it is also clear that the blunter notches 

have better initiation life than sharper notches. From an inspection 

of the initiation plots in Fig. 48, it is found that the higher 

density and higher % dilution with iron powder generally result in 

superior initiation life. In other words, the lower density compacts 

are notch-sensitive, and need lower number of cycles for initiation 

from notches. 

(123) Jack and Price observed that, below a certain critical 

root radius, initiation was independent of root radius, this critical 

value being independent of the stress and notch depth. Jack(126) 

examined Veibutts(7) work on aluminium alloys and found that the 

results were consistent with the existence of a critical root radius. 

A similar conelusion can be drawn from the work of Wilkins and Smith 

Q7),,, an Al-Mg alloy. This means that a critical root radius may 

exist for all alloys, and in the present case, if it exists at all, 

(125) it must be less than 0.127 mm. Pearson also, more or less came 

to the same conclusione
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Since the detection of a fatigue crack is the sole criteria 

of crack initiation, some crack growth must occur in order to be sure 

that the initiation has taken place, So, in general, 

WN Ni - 
A easured = true Np opeeations 

In order to make the stresses equal at the tips of two 

notches of unequal root radius, a higher nominal stress must be applied 

to the specimen with the blunter notch. Now, since the notch stresses 

are made equal, the Nise values will be equal (ignoring the size 

effect). Once cracks have nucleated at the notch tips, then to a 

first approximation, the nuclii and notch can be considered a single 

eracke Since the specimen with the blunter notch has a higher applied 

stress, the crack in that specimen will grow to the defined initiation 

length faster. 

Attempts have been made by some researchers to explain 

banding encountered in initiation data by considering certain initia- 

tion criteria as the number of cycles for a crack to attain a ‘length! 

(169) (123) of, say, 0.127 mm Taylor used Jack and Price's parameter 

of AK/p% and a crack length of 0.125 mm, as the criteria for 

initiation in the fully heat treated and machined maraging steel 

specimens. He observed evidence of banding and a broader scatter band 

than for his original data, without any ‘length' criteria for initiation. 

He repeated the process for machined titanium alloy specimens, but 

failed to get any evidence of banding, when compared to his original 

data for the material without any 'length' criteria for initiation. 

(122) 150 found that mila steel and Al alloy 7075-T6 are Gowda et ale 

insensitive to the definition of Ni. So it is safe to suggest that 

sensitivity to the definition of Ni depends on the alloy being tested. 

Since no investigation was carried out into this aspect using the
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present material, the explanation for banding still needs further 

exploration. 

The banding effect as shown by the compact materials, when 

the initiation data is plotted as Ni against Kn AS or AK/p 4, 

might be characteristic of these materials due to their inherent 

inhomogeneity. Although the attempts to plot the initiation data and 

unify the results within a single scatter band by such parameter as 

ak/ por? or simply 4K against Ni might conceal this characteristic, 

it helps providing an adequate method for engineering design. In 

other words, the initiation data as presented in Fig. 51, 92 fulfills 

the requirements for safe design criteria for the compact materials 

tested. This information enables one to draw a conservative line 

below which initiation would not occur, and then scale down from this 

line by applying a safety factor on the allowable stresses, 

For specimens containing sharp notches in plane strain, 

Jack's (226) relationship between Ni and the range of stress intensity 

factor was of the type Ni « ( ax)4, whereas, for the sintered specimens, 

a relationship of the type Ni e ( axK)7?°9 has been observed. 

Wertman’ 148) and Bilby and Hea1a (279) predicted a relationship of 

the type Ni © ( aK)~2 as shown in equation (39). 

A possible reason for the discrepancy is due to the fact that 

the theoretical results are dependent on the assumed material behaviour 

Guide intoitue cathenstical modeles bitty ana Heed <+!°) optsined 

their expression for Ce the critical crack tip displacement at 

which the initiation is considered to occur, by linear summation of 

the displacements resulting from each cycle, and these displacements 

are assumed to be confined to a single slip plane in this model, In 

practice, it is likely that deformation occurs randomly on several 

(172, 173) slip planes. Others are statistical models in which the



106 

accumulation of fatigue damage is proportional to the square of the 

plastic strain to obtain theoretical justification for the Manson- 

Coffin relationship. There is also some experimental evidence from 

(174) results on austenitic steel in high strain fatigue which can be 

used to show that Ni is inversely proportional to the square of the 

plastic strain range for plastic strains of less than 1%. If it is 

assumed that the critical displacement @, in the Bilby and Heald's 

(270) analysis is obtained by summation of the squares of the 

individual displacements i.e. a random rather than a linear summation, 

their expression becomes 

Nie) (ax)~4 

which agrees with the results for sharp notches in some nateriars\22)) , 

Although Bilby and Heald's analysie( 17) applied strictly to sharp 

(175) has shown that this treatment should be applicable eracks, Smith 

to notches. Smith's analysis predicts that the displacement at the 

notch tip is reduced by a factor of about 2 as the root radius 

increases from 0 to 0.250 mm, for a 2.5 mm. deep notch, The present 

results show that experimentally there is no effect of root radius in 

this range. Similar behaviour has been observed in brittle fracture 

(276) where it has been found that there is a critical notch root radius 

below which further sharpening does not reduce the fracture toughness. 

This effect is generally ascribed to the fact that a particular 

mechanism requires a minimum volume or critical element over which to 

operate. 

The dependence of Ni on a particular inverse power of AK 

or on the effective range of stress intensity factor in the form of 

AOXK/pt or AK/ p°*? can be understood by studying the actual 

material behaviour in terms of the appropriate microstructural 

processes. In the sintered steels studied, the measured notch root
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radius P may not be effectively the machined notch root radius, since 

the effective root radius of the notch may have been affected by the 

presence of the pores at the base of the notch, also plastic blunting 

may disturb the actual radius and may have a bigger effect at high AK 

values. So it may be argued that the effective range of stress intensity 

factor AK/ pi or AK/p Oe 7 aces not adequately represent the real AK. 

In fact, there are calewlations(27) which incorporates correction 

factors taking care of the presence of the blunt notch of root radius 

Pp. The effective stress intensity factor (Koop) for a blunt notch 

is related to that for a sharp crack or notch by 

a 
Po_y% Kee = i secceccece (41) 

where Po is the critical value of P 

Pe is the effective root radius 

Pe =P when P2>Po 

Po = Py when P<Po 

i.e. no correction would seem necessary once Pis less than Po? the 

limiting sharpness for the material, Experiment by Jack 126) indicates 

a dependence of Ni on ax4 when P<Po, Eventually as the fatigue 

crack grows and reaches beyond the range of the radius py, no 

correction would seem necessary. 

(225) found a critical As mentioned earlier, Jack and Price 

root radius of 0.25 mm (0.010") below which Ni was not reduced. A 

similar feature was also mentioned by Cottre11 176 ) who showed that 

notches of less than a critical radius must blunt to that critical 

radius prior to crack propagation in fast fracture and so did not 

(126) justified his finding of the reduce fracture toughness. Jack 

existence of such a critical root radius by demonstrating that the 

distance, To ahead of his notches at which the stress was equal to



108 

that for a sharp crack was equal to one quarter of the root radius. 

Thus, for a 0.250 mm. (0.010") notch, this distance was of the order 

of the grain size of the material used by Jack, which may be described 

as a critical element or a minimum volume of material over which the 

prevailing mechanism can operate. Ahead of blunter notches, the stress 

at the tip of this critical element is less than at the same distance 

(126) based ahead of a sharp crack, and so Ni will be increased. Jack 

his argument on an approximate expression developed by Weiss and 

Yukawa©°) for the longitudinal stress distribution at a distance r 

ahead of the notch of root radius p; in its simplified form, the 

expression can be written as: 3 

2 
o = o | 26)" a| + [sts Baeeeeeo st (42) 

where oy is the longitudinal stress, 

Weiss and Yukawa's approximation, in conjunction with the 

eritical element size can be used to develop the modified stress 

intensity factor which describes crack initiation from a blunt notch. 

when & DD>Pp Pr, 

o, = 20(a/e Dee eas. HCAS) 
Hence the ratio of stresses o,/ oe, asieine from the notches of root 

radii Pa » P is given by > 

cay Po ye = ( a Mcreesecse ala) 

At the end of the critical element, the stress for a notch 

of root radius pis given by the stress intensity factor, and it 

follows that, for notches of larger root radii 

K Po \4 ote Comat weeeecseae (45)
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It must be assumed that the stress intensity factor controls 

displacements at the end of the critical element, and that Ni is 

controlled by these displacements rather than those at the notch root. 

On this basis, a more appropriate treatment would be to consider these 

displacements using the plastic relaxation model.
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10 ede CRACK GROWTH RATE 

The room temperature fatigue crack growth rate properties 

have been presented in Fig. 53 through Fig. 56 in terms of the stress 

intensity factor range (AK) Vs. crack growth rate (da/dN). 

An inspection of the effect of stress ratio on fatigue 

threshold shows that the high load ratio (iseg R= 0.3) used in the 

test, yields a threshold AK, ~12 wi/n?/2, while the lowest load 

ratio (ise. R ~0.07) appears to indicate a AK,,, Value somewhere 

between 8 and 11 may/n?/2, This influence of stress ratio on fatigue 

threshold is not consistent with the findings reported by Bucci et al. 

QTD | gow Asm A517 Grade F(T-1) steel, py paris! ©) for severed 

high strength steels, and by Sehmiat (279) for a Ti - 6Al - 4V alloy. 

They found that, higher the stress ratio, lower the threshold Ak, 

values 

Above the aK threshold value, an increase in stress ratio 

is accompanied by an increase in growth rate for equivalent AK, This 

trend is similar to that reported by other workers for many different 

alloys(178s 144) | 

The nearly linear relationship in stage 2 between log (da/aN) 

and log AK shown in Figs. 53 through 56 is typical of the most fatigue 

crack growth rate data. Since this linear relationship exists, the 

erack growth rate data has been expressed in terms of the generalised 

fatigue crack growth rate law developed by paris (65), 

ga ™m aa aye ( AK) 

where da/dN is the rate of crack growth, C is an intercept constant 

determined from the log (da/aN) Vs, log AK plot, m is the slope of the 

log - log plot and AK is the stress intensity factor range. As the
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upper scatter band data represent a conservative estimate of the 

materials crack growth rate properties, the generalised crack growth 

rate expression describing this line is normally reported as the 

materials crack growth rate properties. 

As reported earlier, in section 9.4, the growth rate for 

Myo and Moy compacts has been found to be 1.7 to 2.0 times faster 

than for My compacts at R ~0.07, over the range of AK considered 

(10 to 35 rai/n?/2), for My, and My, compacts, the rate is 2.8 to 

3,0 times faster than for My compacts, and for Myzs Moe Moos M;5 

compacts, the rate is 6.7 to 7.0 times faster than for My material. 

The rate for LIM compacts has been found to be 10.7 times faster than 

for My compacts. At higher stress ratio, R = 0.3, the growth rate 

for Mas Mos and Ms has been found to be 6.0 to 6.2 times faster 

than for My compacts tested at R ~0.07. 

In general terms, the above findings show that at lower 

stress ratio, R ~0.07, the growth rate curves for My My and iS 

compacts fall on four distinctly separate scatter bands; also separate 

scatter bands have been obtained for LTM compacts at R ~ 0.07, and for 

M39 Mos and ao compacts at R = 0.36 

Fig. 93 summarises the fatigue crack growth data represented 

by the upper scatter bands for the compact materials. The slope (m) in 

all the crack growth expressions in Fig. 93 (a) is within the range 

2.25—4.58, and 4.4 to 5.13 for the remaining two crack growth 

expressions as shown in Figs 93 (v). The upper scatter band for ms 

has been added in Fig. 93(b) for comparison. It is evident from 

Fig. 93(a) that the crack growth rate expression for the M3/Ma MoM 

groupsof compacts is the least conservative and will yield the greatest 

rate of crack growth. Therefore, the growth rate expression
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G2 5.1x107?  ( ARYEI2® «es-0e000-(46) 

should be employed when making fatigue life predictions or calculating 

initial allowable flaw sizes applicable to Mys M, and Ms groups 

maraging and diluted maraging steel compacts subjected to room 

temperature air environment. The Fig. 93(a) also shows that the crack 

growth rate expression for My compacts yields the slowest rate of 

erack growth, Therefore, from the point of view of fatigue crack 

growth rate, My compacts are significantly superior to other compacts 

ay M, and y groups when tested at the low stress ratio. 

Fig. 93(b) shows the influence of stress ratio on crack 

in M 

growth rate. Here the increased stress ratio R is accompanied by an 

increase in crack growth rate for the range of AK and growth rate 

considered, The crack growth rate for M3) Mos and Se compacts at 

R = 0.3 is 2.2 to 2.5 times faster than for M,, compacts tested at 
13 

R ~0,07, and about 6.0 to 6.2 times faster than for M,, compacts 
11 

tested at R ~0.07, as shown in Fig. 93 (bd). This figure also shows 

that the growth rate is slower in the lower density My compacts than 

in the higher density My compacts, but in case of LIM compacts tested 

at a lower density (6.6 Mg/m?) than the lowest of the M, compacts 

(6.9 Me/n?), the growth rate is remarkably high; in fact, it is 

higher than /M, compacts (density 7.3 Ne/m?) tested at 
3 23/33 

R= 0.3. This means that there is perhaps a critical density or 

critical porosity content in the compact materials that governs the 

erack growth rate. 

From a study of the room temperature properties of maraging 

My and LTM compacts, Table III, it seems that thecriticnl porosity. 

content lies somewhere between 16.3 and 167, when the crack growth 

rate trend is reversed, that is, the growth rate is increased with
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increased porosity. In case of My compacts, which is basically 

maraging compacts diluted with 25% pure iron powder, the resulting 

microstructure, with lesser amount of martensites and correspondingly 

higher amount of ferrite, is jointly responsible along with the 

porosity content for generally faster growth rate. The growth rate 

is still faster in M. and M,, compacts Og + 50% iron powder, 31? "3p 33 
density levels 1, 2, 3), where the effect of microstructure with still 

higher amount of ferrite and lesser amount of martensites, is most 

likely the predominant feature, the role of porosity seems marginal 

or not significant enough. That is, on the softer microstructural 

side of the microstructure - porosity relationship that an explanation 

is to be found for the higher crack growth rate in the compacts. 

Evaluation of the results on the basis of fatigue crack 

growth rate behaviour associated with the scatter of results, Fig. 53a, 

54, 55, seemingly indicate, as also stated earlier, that the compacts 

in My group with the lowest density exhibit somewhat superior growth 

rate properties than the compacts with highest density. A speculative 

explanation for this behaviour may be that the presence of bigger and 

irregular shaped porosities in the My compacts results in delayed 

erack growth, and, consequently, decreased growth rates, Similar 

behaviour has also been reported in structural steels with discon- 

timuities(277), due to weld defects. It appears that when the main 

fatigue crack front encounters 'defects' of the appropriate size, 

type and orientation, "blunting" of the crack tip occurs and growth 

stops until enough cycles have elapsed to resharpen the crack tipe 

Unfortunately, the effect of defects or discontinuities on fatigue 

crack growth is not repeatably uniform, Depending on the size, shape 

and orientation of discontinuities present, they can also significantly 

increase the rate of crack growth. For this reason, one generally
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encounters comparatively large amounts of scatter in the crack growth 

rate data obtained from compact materials containing porosities or 

discontinuities. 

In the case of the compacts in Ms group, where the matrix is 

sufficiently soft due to the presence of large amount of ferrite, the 

crack blunting effect due to porosities is not operative, being 

largely superceded by the presence of the softer ferrite. The higher 

erack growth rate in this group can be explained mainly due to the 

presence of this softer constituents. The scatter band for the growth 

rate for compacts in the ue group can effectively accommodate any small 

differences in the growth rates due to the small differences in the 

sintered densities in this group. On the other hand, the My group of 

compacts still retain an effect of porosities in spite of the 

presence of lesser amount of ferrite than in Le group of compacts. 

This effect is shown by the different growth rates obtained in this 

group due to the different porosity levels. 

For My group of compacts with a martensitic matrix, it is 

the orientation, concentration and shape of 'voids' which seems to 

control the rate of crack growtheSlower growth rate at lower densities 

has been explained by the 'blunting' effect of the crack tip, due to 

the presence of bigger and irregular shaped 'voids' along the crack 

path. At higher densities, one would expect the presence of smaller 

and rounder voids with lesser surface area in the compacted mass. Of 

course, it would not also be difficult for one to expect, at higher 

densities, a significant amount of these 'voids' to be severely 

compressed or 'squashed' with sharp corners and favourably oriented 

along the crack path. It could be that the compaction pressure, and 

sintering time and temperature, though high, were not sufficient 

enough to close or absorb these 'voids' into the matrix, or even



115 

render the corners sufficiently harmless by making them somewhat 

blunter by the sintering mechanism. 

It is the presence of these type of voids in adequate 

numbers, and favourably oriented along the crack path, which may have 

contributed to the lower fatigue resistance in this group of compacts 

at higher densities. This also seems to be the speculative explanation 

for the faster growth rate with increasing density, for the My group 

of compacts. & 

At the present state of the art, sufficient information 

regarding the influence of defect characterisation on fatigue crack 

growth is not available to permit further generalisations. 

The slopes of the crack growth rate curves for Mis Mo/Moys 

Table VII, are in good agreement with the work of nitier(239) who 

found a slope of 2.88 for a '200' grade maraging steel and 2.53 for 

a '250* grade maraging steel. Van Swam et a1(27) found a slope of 

2.0 for a '300' grade maraging steel, all tested in air. The slopes 

of the growth rate curves for My 5/Moo etc. are higher, and so, from 

the point of view of crack growth rate, the compacts in My and My o/Myy 

groups stand a good chance of competing with the above grade of 

normal maraging steels.
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10.4 stopraphic and other observations. 

In non-sintered materials, specially in maraging steels, 

the fracture generally show striated surfaces characteristic of 

micro-crack growth rate, and fairly indicative of macroscopic crack 

growth rate. In none of the fracture surfaces of the compact 

materials was seen any striation markings even at high magnification. 

Some marking, which was seen, was the characteristic thermal etching 

effects due to the high temperature sintering. 

The particular shape and size of pores” including 

‘inclusions', and their general distribution, and orientation are 

the determining factor in the crack growth rate for My group for 

maraging steel compacts. In the case of the compacts in the . Eroup, 

it is the softer microstructural features that govern the macroscopic 

crack growth rate. In between the two extremes lies the compacts of 

the My group, where it is the balance between the porosity and micro- 

structure that governs the crack growth rate. 

The fracture surfaces for the sintered specimens are micros 

scopically entirely flat, without any sheer lips. These surfaces 

show the characteristic ductile dimple type of failure and the presence 

of dimples indicates that the fracture process is basically the necking 

down between the crack tip and the adjacent voids, At the tip of a 

crack in a fully dense material, the plane strain condition promotes 

  

% Throughout the discussion, the term 'pore' has been used to combine 
the sense of ‘voids and inclusions', as detailed in section 9.2. 
Treating the inclusions as part of the 'pores' should not be too 
inaccurate, as the particle/matrix interfacial strength is not 
particularly high.”
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fairly high normal stresses (all three >0) and the normal/shear stress 

ratio is high.Such a stress situation can affect cleavage fracture 

before plastic deformation (associated with high shear stresses) can 

cause a ductile failure. However, when appreciable porosity is present, 

the shear/normal stress ratio is increased because of relaxation of 

strict plane strain conditions (approaches plane stress) on a micro 

scale. This allows the attainment locally of the critical shear stress 

for plastic deformation before cleavage and a ductile dimple failure 

results. With increasing porosity, the tensile strength at a micro 

level and hence the fracture toughness are reduced (decreasing cross- 

section of micro-tensile specimens), Poor toughness can also result 

from inclusions and second=phase particles which initiate large 

fracture dimples or from a fine dispersion of very small particles 

which initiate many small fracture dimples. It may be that the volume 

of the material deformed, that is, the depth of the pores and dimples 

in addition to their size, determines the toughness of the compact 

materials, If this is true, a study of the fracture surface in three 

dimensions wovld be required to obtain a correlation between the 

volume of metal deformed and the toughness. 

In the range of sintered materials tested, the toughness 

increases with decreasing porosity content and is clearly dominated 

by the resulting yield strength. In fact, toughness increases with 

increase in yield strength as shown in Fig. 44, in the range of 

sintered density considered, The yield stress is, of course, controlled 

by the strength of the necks of metal around the voids which result 

in less than the theoretical density, Basically, the fracture 

process involves drawing out the neck between the crack tip and the 

adjacent voids on a micro scale, and this process determines the 

fracture energy consumption and therefore, the fracture toughness.
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Basic trend of the increase in toughness with the increased 

yield stress is illustrated in Fig. 94, which also contains results 

from previous work of the author and other workers, on sintered 

materials. This relationship between toughness and yield strength is 

the opposite of that which normally arises in, say, high-strength 

steels, aluminium or titanium alloys. 

The increase in toughness with yield strength is an interesting 

feature of the behaviour of sintered steels, since it suggests the 

possibility that high strength, highly alloyed, sintered’ steels could 

match the high-strength wrought steels, titanium and aluminium alloys, 

as illustrated in Fig. 95. Toughness data comparing these materials 

(180) and the high toughness have been abstracted from Pellini's work 

figures correspond to the energies absorbed in a drop-weight test(8)), 

whereas the lower toughness figures are Kg values. The sintered 

materials examined in the present study compare well with the high- 

strength aluminium and titanium alloys, but an extrapolation of the 

toughness/yield stress trend would carry them into competition with 

high-strength wrought steels. There is no doubt that this possibility 

will tempt other investigators to venture into this meaningful field. 

HEKEK OIE HK XK   

An attempt was made to pin down the 'effective' notch root 

radius ( Pe), above which the apparent values of fracture toughness 

show a noticeable increase. With this value of Pe was compared the 

minimum root radius of pores ( Pmin) measured in the sintered and heat 

treated maraging, diluted maraging steel and Ancoloy SA (ASA) compacts, 

after light etching. Also, the relationships of crack opening 

6 
displacement CS) with Pe and ®min were looked into, in the above
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sintered materials, and the possibility of improving toughness by 

manipulating Pmin of pores was explored (Details are set out in 

Appendix - II). 

From the results given in Appendix - II, it has been found 

that 

Onin < fe < Pe, 

In fact, the minimum root radius of the pores have been 

found to be extremely small compared to the ‘effective' notch root 

radius ( Pe) of specimens, above which the K apparent values tend to 

go up with root radius p. This means that some of the defects or 

pores in the compact materials are isolated, but with very sharp root 

radius. They are like any other defects in non-compact materials, 

and do not become operative in toughness testing situations unless 

they are favourably oriented. This finding is preliminary at this 

stage and needs further exploration.
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hs CONCLUSIONS 

A distinct banding effect, possibly characteristic of the 

sintered materials tested had been observed when the initiation data 

were plotted as Ni against Kne AS or AK/p# for the two levels of 

notch root radii of 0.127 and 0.762 mm. 

Banding effect was markedly reduced when the initiated data 

was replotted as Ni against AK or an empirical parameter AK/ por, 

No critical notch root radius was found below which 

initiation was independent of root radius. 

There was perhaps a critical density or critical porosity 

level in the sintered materials, below which crack growth rate 

increased with increased porosity content; above the critical level, 

decreased fatigue resistance arose from increased sintered density. 

Comparatively higher crack growth rate in x, group of 

sintered compacts was due to the presence of soft ferrite in the matrix, 

which largely superceded the crack blunting effect due to porosities. 

The micromechanism of fracture was of ductile dimple type in 

every cases 

No striation markings were observed on fracture surfaces; 

instead, some characteristic lines found on the internal pore surfaces 

exposed after fracture were due to thermal etching effects. 

Increase in toughness with increased yield stress seemed to 

be the basic trend in the sintered materials tested so far. This was 

because the fracture was effected by plastic instability on a micro- 

level.
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12. RECOMMENDATIONS FOR FUTURE WORK 

The present work opens up wider areas for further investi- 

gation. Some of these potential areas are outlined below: 

It would be useful to test sintered specimens which have 

been machined and notched after full heat-treatment in order to 

isolate the effect of residual stresses or work hardening on crack 

initiation. i 

A ‘Length' criterion for crack initiation may be used in 

future work to see whether sintered materials are sensitive to the 

definition of Ni and banding, 

The concept of critical density or critical porosity level 

in sintered materials and the absence of striation markings on their 

fracture surfaces need further explorations 

Besides higher sintered density, infiltration, pore sealing 

or other approaches appear to be attractive for further improvement 

of fracture toughness. 

Effect of root radius of pores on crack initiation and 

propagation characteristics and on toughness need careful exploration, 

Fracture Mechanics approach, as applied in the present study, 

may be attempted for the assessment of thermal fatigue characteristics 

and corrosion damage in the sintered materials.
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156 Appendix I. 

According to Neuber'128) the equation for the maximum 

stress or the stress concentration factor at the base of a notch is 

written as: 

and 

whence, 

where 

Px 2 (a/P +1) (a/P 2 

(a/P +1) arctan (a/P )* + (a/p) 
Omax 

Fa
e 

for tension case 

3 [(a/e )* + (a/p -1) Arctan (a/p Neat 

for bending case 

Omax . = 5 for tension case 

Omax : oe = G55 for bending case 

p = Gnome 

The equation for Kn NET ? according to Neuber, can be 

written as: 

and 

where 

and 

1+ %- 0 (%-» 
i Anya Ae way ae ano Kp NET Lik, aye - (K, sie 

2 
Ww 

Ky GROSS, Ky NET (we +)° 

4 
2(a/p +1) - 91 (a/p_ 41)” 

ues (4(a/p +1)7 92) = 3 ay 

4a 
Ks = 1 + 2(t/P)* 

where Ky is defined as the stress concentration factor for the deep 

notch (where the depth of notch is not too small compared to the width 

of the specimens) and K, is the stress concentration factor for a 

shallow notch (where the depth of notch is very small compared to



the width of the specimens), and where 

t 

P 

depth of notch 

notch root radius 

width of specimen 

(width - depth of the notch)
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166 APPENDIX II 

Relationships between Pe, Pmin and Fe ° 

An attempt was made to pin down the 'effective' notch root 

radius ( Pe), above which the apparent values of fracture toughness 

show a noticeable increase. With this value of Pe was compared the 

minimum root radius of pores ( Pmin) measured in the sintered and 

heat-treated maraging, diluted maraging steel and ancoloy SA (ASA) 

compacts, after light etching. An attempt was also made to find out 

the relationships of crack opening displacement ¢ fe ) with Pe and 

Pmin in the above compact materials, and to explore the possibility 

of improving toughness by manipulating Pmin of pores. 

Four sets of specimens (2 in each set) of sintered and 

heat-treated maraging (M5) diluted maraging (3) and ASA compacts 

in 2 levels of densities, were each machined/notched to a depth of 

0.45W with root radii of 0.127, 0.254, 0.508 and 0.762 mm. as shown 

in the Table AT (appendix). One set of 2 specimens of the above 

mentioned compact materials, in both levels of densities, were 

initially machine-notched to a depth of 0.3W, with root radius of 

0.127 mm. and fatigue-cracked to a depth of ~0.45W. This helped to 

produce infinitely small root radius (—0) at the crack tip. Results 

of apparent fracture toughness are also given in Table Al.



TABLE AT 

Apparent Fracture Toughness corresponding to different 

Notch Root Radii. 

  

  

    

            

Materials Notch Notch Root Apparent Fracture Toughness 

Code Depth Radius, mme K.Appey wn/n3/2 

W=23.50 mmo Density aL. 2 

levels |6.9,Ma/m? | 7.1,Me/m. 

Mp 0.450 0.127 Fe cn 

29.61~ 

0.254 31.25 
32.70 

340157 

0.508 38.41 
36.68 

340957 

0.762 43055 
Sa.t6 

39.97 

0.3W 00127 30.10 x 
Y J 29.60 

(0.45W) (o%0) 29.10 

My 0.45W 0.127 31.42 ~_ es 

26.52—~ 

0.254 29.86 — 55 90 

20054 att 

0.508 33267 
Se 

35077 

0.762 38.049 
39.045 

40.41 — 

0.3W 0.127 28.12 

v t 27.55 
(0045W) (080) 26.94 — 

¥ Valia Kig Values 
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TABLE AT (CONT'D) 

Apparent Fracture Toughness corresponding to different Notch Root Radii. 

  

  

  

  

    

Materials Notch Notch Root Apparent Fracture Toughness 

Code Depth Radius, mm. K app., MN/m2/2 

W = 250 mm. Density Bs 2 

levels 667 )Ma/m? 6.9 ,Me/m? 

ASA-S 0.45W 0.127 25.69 31615 
P2601 S31.044 

26.54-— (ave) | 31.73 

(Ancoloy SA 0.254 28.39 31.79 
‘ 28.15 32,16 

sintered) 2p 9ieme 32005 

0.508 29.86 35.95 
“> 30,01 acct 

30016 35.59 

0.762 32.89 37614 
32.0 7 

32054— 37.09~ 

0.3W 0.127 246735 me 27.92 
{ I 24.92 Ye .54 

(oS45W) (080) Hell—— 29016 

ASA-SQT 0.45 0.127 21eli ee 32051, 
27.03 31072 

26.54— 30.937 

(Ancoloy SA, 0.259 32.43—~_ 33 035N 
094 34.50 

sintered, 31.46— 350657 

quenched 0.508 35 084~_ 41631\. 

36.03 39.70 
and 36.23 — 38.09 

tempered) 0.762 3847 32.08: 
"37089 3.43 

ase 44679 

0.38 0.127 25.063 x =| 28.20 x 
J 25.77 ‘29.61 

(o%45w) (oYo) 25.92 31.02~             

*¥Valia Ky, Values



141 

From the graphs of K-apparent Vs Notch Root Radius, Fig. lA, 

& 2h, it is difficult to pin down the Effective Notch Root Radius of 

Specimens, Pe (at which K-apparent values tend to go up gradually 

with Root Radius P ); however, it seems that it lies somewhere at 

Notch Root Radius ~ 0.0635 mm. for Myo & Moy compacts, and ~ 0.03175 mmo 

for Ancoloy SA compacts. In Table-A II is given the relationships 

  

  

  

  

between es & Pe, obtained by using the formula, 

Go ” Oys. 5c, for Plane stress 

= es Sys, 5c, for Plane straine 
2 

also, Ge «= é 2 =Y—4 * for Plane strain 

TABLE-A IT 

Materials Pe(Effective P) Prin. Ge be 
(from KN a 

Code (Bh) Root Radius} (= (H) 
of pores) 2 eb 

(x 107 #) 

Mo 6305 4801 6.59 Zed 

My 6305 100.0 6.26 Feb 

Myo 6305 6405 6.59 205 

ASA-S(1) 31.75 86.2 4.99 Bol 

ASA-SQT(2) 31075 71609 6.23 Qe 

ASA-S (2) 31075 121.4 5.78 3.9               
In all cases, Pmin, < es << Pe,
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EXAMPLES OF PORES WITH VERY SHARP ROOT RADII IN 
THE SINTERED MATERIALS TESTED. 

  

1/50 P.s.4 

Fig.1A1. Myo Sintered Compacts. 

Pnin. = 48. 1x10 pn. 

4S 

aN    
1/10 P.S.4f 

Pig.1A2. Moy Sintered Compacts. 

Pin. =100x10°p.



  
  

Fig.2A1. AS. -S(1) Sintered Compacts. 

Phin. =86.2x107p.



  

fk—1/20 P.S.——>} 

  

Fig. 2A2. ASA-SQT(2) Sintered Compacts. 

Pnin, =76.9x10°H- 

  

1/50 P.S.pe 

Fig.2A3. AS 

  

-S(2) Sintered Compacts. 

Poin. =121.4x10"p,


