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SYNOPSIS 

In this present work attempts are made to relate micro- 
structure and fracture toughness ({Kregp and COD) for 

Electem, Thermodie, Hydie and Somdie hot work die steels. 
Structural features studied were the fracture surfaces 
and general microstructures, using a scanning electron 
microscope and optical microscope. 

The test samples were taken from three different sections 
representing the top, mid-radius and centre of the die 
block. Notched three point bend tests were carried out 
also on Thermodie, Hydie and Somdie steels. The notches 
were pre-fatigue cracked using an Amsler Vibrophor 2 tonne 
capacity machine. 

Microstructures and fracture surfaces were investigated 
using optical electron microscope and scanning electron 
microscope techniques to establish possible failure 
mechanisms. A dominant feature of the work is the effect 
of grain size variation arising from the position in the 
die block. 

Special attention was paid to the effects of inclusions on 
the mechanical properties and fracture toughness of these 
die steels. This latter effect is related to the inclusion 
distribution and machinability of the die block. 

The results are presented in terms of the Kicgg» derived 

from short bar toughness test and K derived from a three 
point bend test to BS.5447. For different specimens, 
namely short bar, short rod and three point bend, the 
variation of fracture toughness with position in the block 
is considerable. The fracture mechanism was void growth 
and coalescence, which resulted in a ductile dimple, and 
some areas of cleavage. The fracture surfaces showed 
formation of elongated dimples in some specimens, these 
were related to certain features of the microstructure. 

KEY WORDS: Electem, Thermodie, Hydie, Somedie steel, 
Fracture toughness. 
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1. __ INTRODUCTION 

q@) Fracture is the separation or fragmentation of a 

solid body into two or more parts under the action of 

stress. The process of fracture can be considered as 

being made up of two components:- 

(a) crack initiation 

(b) crack propagation 

Fracture can also be viewed as a non-homogeneous process 

of deformation that causes regions of material to 

separate, which in turn reduces the carrying capacity 

to zero. 

Fracture occurs when the local stresses build up either 

to the theoretical cohesive strength (9, = B/10) or to 

the theoretical shear strength Cie = G/10) where E and 

G are the respective elastic and shear modulae. 

Fracture can be classified into: 

(a) Ductile Fracture 

(b) Brittle Fracture 

Ductile Fracture is characterised by appreciable plastic 

deformation prior to and during the propagation of the 

crack. An amount of gross deformation is usually present 

at the fracture surfaces. 

Brittle Fracture in metal is characterised by a rapid 

rate of crack propagation, with no gross deformation



and very little microdeformation. The tendency to 

brittle fracture increases with: 

(a) strain rate 

(b) triaxial stress conditions 

(c) decrease in temperature. 

Furthermore, brittle fracture is often characterised by 

separation normal to the tensile stress. 

The way in which a fracture occurs depends on the 

following: 

(a) stress state 

(b) stress rate application 

(c) temperature. 

Additionally, metals can exhibit many different types of 

fracture, depending on: 

(a) materials 

(b) temperatures 

(c) stress state 

(d) loading rate 

Fracture can be further classified in terms of such 

characteristics as strain to fracture, crystallographic 

mode of fracture and the appearance of the fracture. 

In the case of fracture toughness of a material, which 

is a material property relating the defect size to the



applied stress to cause fracture, in practice, fracture 

toughness is generally expressed by the critical inten- 

sity factor K;,. This is a material property which is 

independent of crack length, specimen geometry or applied 

stress. 

L.M. Barker § Z) pointed out that the fracture toughness 

must somehow specify the configuration of the crack tin. 

The present view of fracture started with the Griffith's 

concept of crack propagation which was presented in 1920. 

The now well known concept essentially states that an 

existing crack will propagate if the total energy of the 
there by 

system is]lowered. The stress analysis used to calculate 

the stored elastic energy was taken from Inglis's work : 

published in 1913. The Griffith's theory provides a means 

of estimating the theoretical strength of solids. It is 

also given for brittle materials, the correct relation- 

ship between fracture strength and defect size. In 1948 

Irwin confirmed Orowan's view that the Griffith's type 

energy balance must be between the strain energy stored 

in the specimen and the surface energy plus the work done 

in plastic deformation. Irwin also recognised that the 

work done against surface tension for relatively ductile 

materials is generally not significant in comparison with 

the work done against plastic deformation. Recent work 

at the Lewis Research Centre indicates the need to study 

plane-strain crack extension.



Plasticity treatment of the stress and strain fields 

of notches were given by Hill, Hult and McClintock, in 

1956 presented a plasticity analysis of the stress and 

strain fields of sharp cracks in shear; McClintock 

applied this analysis to ductile fracture. 

The Inglis i): analysis provided a solution for the 

stress distribution around an internal crack, with the 

maximum stress being given by 

3 Be ee Fea te amas (1) max p 

o. is the applied stress remote from the crack 

2c is the crack length 

p is the radius of the curvature at the end of the 

major axis of the elliptical crack. 

Griffith developed an analysis based upon energy 

consideration. Griffith calculated elastic energy per 

unit of volume stored in the material from the stress 

distribution around an elliptical crack. He obtained 

the following for a plate of unit thickness 

. 2? 
U, = 7C oA /E Srarerenelo sienaeiie) 

U is the elastic energy stored in the plate 

E Young's modulus.



Irwin used a method of analysis developed by Westergaard 

for determining the modification needed for a specimen 

of finite width W. He obtained the following relation- 

ship for the energy release rate 

Gs ooW fe TC (3) 
¢ an y- Sars # sie Geieiats 

The Westergaard analysis leads to the following equations 

for stress analysis in the vicinity of a crack apex 

oO 
  

  
  

  

  

° 8 o. = cos = [il + sin > sin al salen) 
y v2r/c z 2 

oo 

Omi aaye coo : (1-sin & sin a] ents (5) 

£. = *o sin 2 cos 2 ae (6) xy ae z goose Fees = - 

where o = o for plane stress or 
Z 2vo 

Ch aia viicy +O.) = © cos c for plane strain 
” 2r/c 

where o,, is the stress due to the load acting 

perpendicular to the notch 

o, is the stress due to the load parallel to 

the notch 

o, is the induced thickness direction stress. 

r and @ are polar co-ordinates (depend on the apex 

of the notch as the origin) 

ry being the distance to any point in the 

plates and 6 being the angle between r and 

the line of the notch.



Irwin was able to use the Westergaard analysis to 

calculate the relative sizes of the plastic zones for 

plane stresses and strain states. These results are 

shown below. 

  

CRACK



2. DEVELOPMENT IN FRACTURE MECHANICS 

(4) The fracture of any structure demands the creation 

of a new surface. The energy required to create this 

surface is the fracture energy; it is made up of two 

components. 

(a) the energy required to create the surface 

(b) the energy dissipated in the material as deformation. 

Griffith originated the above concept and applied it only 

to brittle material in which the plastic flow was negli- 

gible and the fracture energy was the surface energy of 

the substances (Irwin modified this concept by accounting 

for the energy dissipated at the crack tip). In many 

engineering materials this energy is greater than the 

surface energy, but the volume of material deformed 

plastically is essentially small and uniform as the crack 

tip deepens. Furthermore, the concept of fracture energy 

is a measure of a materials resistance to fracture. 

Irwin determined the stress state in an isotropic elastic 

medium near the crack tip and showed it to be related to 

a function of position and a quantity that depended on 

the nature of the crack and the load on the body. He 

referred to this quantity as the stress intensity factor, 

K, and Kic is the critical intensity factor, so that when 

a load on a body containing a crack reaches a critical 

value the crack will propagate. Hence the structure's 

ability: to resist crack propagation is measured either by



the critical stress intensity factor Kic or by its 

fracture energy Gio: 

Both Griffith's and Irwin's ) theories determine the 

necessary energetic conditions for fracture accord- 

ingly,afldw or crack must be present in the materials 

before fracture. But in the case of fracture toughness, 

which is a correlation of the effects of load and crack 

length, the fracture toughness test would involve a 

measurement of the load and the length (depth) of the 

crack during the test. 

2.1 Stress Intensity Factor 

The essential concept: of Ki¢ was first described by 

Irwin 1958 Co) The concept depends on the stress 

analysis of cracks in linear elastic bodies and is 

measured in terms of the onening mode stress intensity 

factor K;. The important distinction between mathe- 

matical Ky and material property Kic is similar to 

distinction between stress and strength CD, 

Kic toughness of material can be used to estimate the 

load that a structural member containing a crack of 

known dimensions could sustain without fracture. 

Strength estimates based also on Kj¢ assume a high degree 

of elastic constraint to plastic flow of material at the 

crack tip. This degree of constraint exists when a 

sufficiently large crack occurs in a sufficiently heavy



section in relation to plastic zone size factor 

(Kye/oy.)7- There is a general tendency for Ky¢ to 

decrease as the yield strength increases and the size 

factor for very high strength steel can be as small 

as 0.254 mm or less. With less constraint such as 

in a thin plate, the effective toughness of material 

may be substantially greater than Kjc- Therefore, it 

is appropriate to regard K;~, as a basic material 

property since it is the lower limit of effective 

toughness with increase in the degree of constraint 

to plastic deformation. 

2.2 Energy Balance Approach 

Griffith C2) originally proposed the energy balance 

approach to the study of the fracture phenomenon ina 

cracked body. His theory was that unstable crack 
results 

growthfin more stored energy being released than js 

absorbed by the creation of the new crack surface. 

Griffith argued that there were two energy terms to 

consider when a crack was extended. First, there would 

be a release of elastic energy and, secondly, there 

would be an increase in surface energy. In plane strain 

for unit thickness, his calculations gave for the energy 

release 

z 

Woe Peer omy 7) en) 

and for the surface energy increase 

S 8 2ya 

where y is the surface energy per unit area. 

-9-



These expressions are plotted as functions cf crack 

length as shown in Fig. 1. 

U = W+S is the total energy of the system. 

It can be seen that the total energy is a maximum when 

i.e. when 

oO Ta 
2 dy = SPR (1-v°).. 

where 0 is the applied stress app PE 

5 is the Young's Modulus 

v is thé Poisson's ratio 

Y is the surface energy 

2.3 Linear Elastic Fracture Mechanics 
  

The result’ of high elastic stress near the crack tip is 

the formation of the plastic zone. The size of the 

plastic zone depends on the stresses whether developed 

in plane stress (95 = 0) or in plane strain. A plastic 

region near the surface of a thick section is typically 

under the plane stress condition, while the plane strain 

in the centre region,as can be seen in Fig. 2 a, b. 
i 

The radiusf given by: 

=



Ta tee, 
Ty Sea (ae) plane stress 

ys 

K 7 al Te.2 : 
Ty SE rea we plane strain 

In the earlier draft (8) recommends that the thickness 

should be 

k 
B>2.5 (Lo)? 

°ys 

In- applying linear elastic fracture mechanics. the 

thickness of a body should be of sufficient size in 

order to completely contain the plastic zone (plane 

strain). Fig. 3 shows that the specimen thickness, B, 

increases as the stress intensity decreases. However, 

after a certain minimum thickness CB in), is reached, the 

stress intensity level can be seen to be beyond the plane 

stress zone. In practice G,10) 6 ensure that the stress 

intensity factor is obtained in plane strain condition 

the value B should be 

Ric 
0. 

2 
B>4(. ) 

(11) A modified criterion is developed on an empirical 

basis for the minimum thickness Bi fat of a plane strain 

fracture toughness test specimen. 

B = 400 ie 
min Egy 

Kic = plane strain fracture toughness 

5 = Young's Modulus 

Sy = Yield stress of the material 

=



In the Irwin development of Griffith's theory the 

surface energy is replaced by the strain energy release 

rate or crack extension force 'G'; crack extension 

required a fixed rate of dissipation of energy. BY 

definition 'G' is the quantity of stored elastic strain 

energy released from a cracking specimen as a result of 

extension of crack by unit length, G being measured in 

a unit in 1b/in?. In the above case the propagation of 

an unstable crack is associated with the critical value 

of G, such that the release in strain energy as the crack 

extends just exceeds the rate of energy dissipation 

needed for creation of a new crack surface. The critical 

value is designated Gre or Ge, which is known as the 

fracture toughness. The subscripts I. refer to the - 

opening mode of crack behaviour. Furthermore, there are 

three kinematic movements of crack surface, relative to 

one another. All these three modes describe all possible 

modes of crack behaviour (the displacement mode is 

illustrated in Fig. 4). Any particular problem may be 

treated as one mode or as a combination of these modes. 

The opening mode corresponds to the usual case of tensile 

loading, plane strain conditions applying to opening 

mode or cleavage type fractures in which the fracture 

surface is flat and normal to the applied stress while 

the plane stress condition is associated with the shear mode 

of fracture occurring in thin sheets. All these conditions 

are shown in Figs. 2 and 5. 

-12-



The fracture toughness represents the work which is 

irreversibly consumed in local plastic flow and 

cleavage in the creation of a unit area "fracture 

surface". The relation between fracture stress o 
E 

and fracture toughness G is given by: 

JEG 
Be o 2a = crack length 

Linear Engineering Fracture Mechanics "LEFM" is based 

  

on the concept that the local stress field near the 

crack can be expressed in terms of a unique stress 
which in 

field,{linear elastic situations is related to the 

strain energy release rate G. The relationship being: 

2 
Plane stress K EG 

: EG/(1-v)? Plane strain K 

The critical stress intensity factor is a necessary and 

sufficient condition for cracking and has the consider- 

able advantage that if the failure occurs under a 

critical stress, a Griffith's type relationship results 
oF 

without consideration of any dissipationlenergy. 

The limitation of LEFM as a method for evaluating the 

fracture properties of materials has brought about the 

development of yielding fracture mechanics. The concept 

of yielding fracture mechanics enables the fracture 

toughness of material to be assessed after gross plastic 

deformation has taken place. 

=[3=



2.3.1 Thickness Effect 

The fracture toughness increases if the thickness of 

steel increases 2) until 

a certain thickness is reached, at which point the 

fracture toughness will begin to fall with further 

increases in thickness. Eventually, the value of 

fracture toughness will become constant with regard to 

section thickness. This constant value of fracture 

toughness is defined as the plane strain fracture 

toughness whereas the fracture toughness on the rising 

portion of the curve is a combination of the two.Therefore, as 

the thickness increases, stresses are deve loped in the 

thickness direction as well as in the width and tension 

direction. These stresses arise because the region 

very close to the crack tip undergoes a large elastic 

or plastic stretch whereas outside this region the 

stretch is small. Furthermore, in thick plates there 

is no constraint stress at the side free surfaces, so that 

near these surfaces the condition is similar to the plane 

stress zone for thin sheet. 

Since the plane strain zone consumes much less energy 

than its plane stress, therefore a decrease in Gre and 

Kio with increasing thickness are shown in Fig. 6. 

In practice, to ensure that the stress intensity factor 

: Neen 9,10) 
is obtained in plane strain conditions, Standards § 2s 

specify that the value of thickness, B, of the test 

specimen should be greater than or equal to: 

B> 2.5 (Ky¢/oyg)? 

iA



(13) Nelson, Schillin and Kaufman also obtained a 

constant value of Kic from their work on aluminium 

alloys by using thickness and crack lengths greater 

than 

2 
BS 2.5 (Kz ¢/9y5) 

J.T. Knott and D. Elliott a4) have shown that linear 

elastic stress analysis can be applied only if the 

extent of in-plane plasticity is small compared with 

test piece dimensions. Additionally, they mention that 
piece 

the test]must be sufficiently thick in order that most 

of the deformation occurs under plane strain conditions. 

2.3.2 Plastic Zone = = 

(15) Localised plastic deformation occurs when the 

appropriate yield criterion is satisfied in the vicinity 

of the crack, and a plastic zone is created near the 

crack tip. The size and shape of the plastic zone depends 

on the mode of deformation that acts on the crack and on 

the criterion for yielding. 

The plastic zone has either an elongated shape (Fig. 7) 

or forms hinges (Fig. 8). 

The plastic zone size is smaller at a constant value of 

stress intensification in plane strain deformation than 

in plane stress deformation. 

=15=



2.3.3 Plane Stress 

If the plastic zone is large compared with the component 

thickness the triaxiality may be relaxed and through 

thickness stresses normal to the plane of the component 

will be negligible. In this condition the size of 

plastic zone is substantially constant through the 

component thickness and the stress state is biaxial 

(Fre. 2a). 

The stress conditions will influence the fracture tough- 

ness of materials. The relaxation of triaxial stresses 

in thin sheet components allows a condition of plane 

stress to be reached. Therefore, there is an increase in 

the value of material fracture toughness, until it 

reaches a maximum. Further reduction of the thickness is 

found to give a decrease in the fracture toughness. In 

this case the fracture toughness must be of the Kic type 

and not of the K, type. 

2.3.4 Plane Strain 

Tensile stresses are set up in the thickness direction of 

the plastic zone so that the stress state is triaxial. 

If the plastic zone is small in relation to the component 

thickness then contraction through the thickness is 

suppressed by the surrounding elastic material (Fig. 2b). 

A state of plane strain may exist at the centre of the 

test specimen which is less thick than the recommended 

value. 

Bie 205 a 
°y5 
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Energy 

Surface energy 

S = 2-ya 

Total energy = u=w+S 

Crack length 

Strain energy release 

3 7 (1-v°yhE iets a -y2 yop W Sapp a Vv 

FIGURE 1 Energy balance of crack   
=i



  
FIGURE: 2 a. Plane strain condition 

b. Plane stress condition 
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FIGURE 7 Displacement 2V associated with 
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FIGURE 8 Yield zones on the surface and 
cross section of cracked sheet 
under uniaxial tensile loading 
in plane strain (hinge type 
plastic zone)



2.4 Microstructure 

2.4.1 The Influence of Microstructure on Crack Prona- 
gation Mechanism and Fracture Toughness 
  

  

Karl-Heinz (17) found that the mechanical properties of a 

material, especially plastic deformation and fracture, are 

defined by its microstructure, i.e. the microstructure 

mechanics are necessary for understanding the mechanical 

behaviour of material. 

A kngwledge of 

v The influence of microstructure on crack propagation 

supports the solution of some problems. 

(a) systematic development of tougher material 

(b) inverse relationship between strength and 

toughness of specific material 

(c) material heat treated by different procedures 

resulting in identical strength levels can exhibit 

quite different toughness 

(d) different materials with different strengths can 

be equally tough and vice versa 

(e) physical models designed for calculation of crack 

propagation require detailed information about the 

mechanical behaviour of the elements of the material's 

microstructure in the stress and strain field. 

Karl-Heinz (17) mentions that the mean particle distance '"d" 

can be calculated by a given volume fraction "v'" of the 

second phase as follows: 

=Ihn



aq = vv (-v) 

D = particle diameter 

According to a compilation of Rosenfield, Hahn and 

Embury the cleavage fracture stress of steels is mainly 

dependent on the ferrite grain size and can be approx- 

imated by: 

mie 2 : 2 Scleavage 343 + 103 D (MN/m*") 

D in mn. 

Systematic investigation has shown that the grain size 

effect on K;, is comparable to that of loading rate, kK. 

Increasing inclusion concentration, v, has probably the 

same effect as increasing D and re 

(18) Mulkerin also investigated the influence of inclusion 

content on the toughness. 

Increased plastic crack tip deformation can be obtained 

by increasing the temperature, and hence increasing the 

crack tip blunting (Fig. 9). 

Furthermore, the fracture toughness increases with 

increasing material purity, i.e. increasing inclusion 

distance. 

25S



(91) 
‘SS2uysno} 

ainjoely 
pue 

wstueysou 
UoNeBedod 

YOB1D 
UO 

UI]UOS 
UOIsN]du/ 

pue 
a}e1 

BuIpeoy 
‘9ZIs 

ureId 
JO 

JoUaNYUT 
ay) 

JO 
UONRWUasaidas 

eINeWaYIS 
6 
BY 

 
 

1 
: 

aoa 
a
 

eo) 
‘ 

z 

r
y
,
 

e 

(D 

     
26



Fig. 10 shows the inverse relationship between toughness 

and strength of 0.45 C-Ni-Cr-Mo steels and also shows 

the influence of sulphur level on fracture toughness of 

the same steels. 

Improving toughness by microstructure refinement has 

been demonstrated by Zackay. Austenitising and quenching 

treatments of steel AISI 4130 produces blocky martensite 

and ferrite. Retained austenite is a microstructural 

element which is advantageous to the fracture toughness 

of quenched and tempered steels. Figs. 11 and 12 show 

the relation between fracture toughness and tempering 

7) temperature. 

The plane stress fracture toughness data of Thompson and 

Zinkham are indeed in accordance that Kic should increase 

£9) 
with decreased grain size, Fig. 13. § a 

Kic increases with increasing specimen size. Hence, Kie 

volumes can only be compared when they are obtained from 

equally-sized specimens. In addition it is to be expected 

that there are different properties near the specimen 

surface and in the interior of the specimen. 

2.4.2 Residual Stress Effects on Fracture Toughness 
Measurements 
  

occur 
Two types of residual stressesfin a material; that is 

macroscopic and microscopic residual stresses (20) | 

227-



Microscopic residual stresses fluctuate from maximum 

compression to maximum tension over distances which 

are of the same order as the microstructure of the 

material. Thus, although microscopic residual stresses 

may well affect the fracture toughness, macroscopic 

residual stresses can affect the measurement of fracture 

toughness by causing an entire crack front of macro- 

scopic dimension to be in a state of tension or compres- 

sion before the application of any external load. 

Irwin and Kies (8) have assumed that there are no macro- 

scopic residual stresses in the test specimen. 

The short rod test by Barker (20) has been done by 

increasing the load, F, on the specimen until crack 

initiates at the point of the 'V". The equation for the 

plane strain critical stress intensity factor, Kr cgp=maxs 

He assumed that the plasticity effects in the specimen 

were negligible. He also assumed that the energy required 

to advance a steady-state crack, a small distance, dy 

(Fig. 14 a, b, c). 

b is the average width of the crack front 

a and 4a> Sic = material property, energy/unit area 

Barker assumed that there is no plasticity in presence of 

residual stress, p. 

-28-



The degree of LEFM might be measured by ° in some 

\ 

particular test, but in Barker's work (20) | he regards 

P as a measure of residual stress effect in the fracture 

toughness measurement. 

Calibration of the specimen mouth opening displacement 

is not required, because the calibration constant cancels 

out on taking the ratio 

AX, 
Wee Figs 15 

The measured residual stress effect was taken into 

account by calculating 

Kise = CUAP)Kggp tees eee es (9) 

Finally, macroscopic residual stresses (21) which are 

frozen into material can affect the measurement of 

fracture toughness by causing the test crack to be in 

a state of tension or compression before the application 

of external load. 
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PLAN VIEW SECTION A-A 
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FIGURE 14 Schematics of the short rod specimen 
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3. _MICRO-MECHANISMS OF FRACTURE 

Micro-mechanisms of fracture can be divided into 

1. cracking processes recognised by 

(a) cleavage, 

(b) low temperature intergranular fracture, 

2. rupture processes, typified by 

(a) void coalescence internal necking, 

(b) shear linkage. 

3.1 Cracking Process 

Cleavage can be defined as the separation of a crystal 

and this can occur by breaking bonds perpendicular to 

the fracture plane (22) | This fracture is produced, 

usually at low temperature, under a condition of high 

triaxial stress, or at high deformation rate. 

Griffith (22) pointed out that cracks at finite length 

must be present for crack propagation. Whilst it is 

known that cracks, as such, at this magnitude are not 

present before yielding, this leads to the conclusion 

that even in very brittle notched bars, cleavage fracture 

is preceeded by a small amount of local yielding around 

the notch root. 

3.2 Rupture Processes 

In most ductile and tough materials the fracture 

mechanism is caused by microvoid initiated growth and 

coalescence. 

=36=



Beacham et al (25) showed that microvoids usually 

initiate during plastic flow at inclusions, undissolved 

second phase particles (such as carbides), grain bound- 

aries, cleavage planes, or at any site where a discon- 

tinuity concentrates the plastic flow. 

Separation at the site of microvoid initiation can occur 

across a second phase particle or at a particle-matrix 

interface. 

With increasing plastic strain, the existing microvoids 

combine and hence eventually enlarge. These become close 

enough so that the thin ridge, or membranes, separating 

them rupture, and fracture occurs. The resultant fracture 

surfaces have numerous cup-like depressions or dimples. 

one can deducec 

Beachem Cy has shown that, from the shape of dimple ,j the 

relative stress directions operating to make the microvoid 

grow.When the fracture is caused by simple tension, dimples 

usually have an equiaxial appearance. An elongated dimple 

is obtained when a shearing motion takes place as in shear 

lip or torsion fracture. 
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4. METHODS FOR EVALUATION OF FRACTURE TOUGHNESS 
  

4.1 Previous and Recent Work for Measuring Fracture 
Toughness 

It has been shown by Irwin that the radius of the plastic 

  

zone around a crack tip in plane strain is approximately 

2 3 Bie 
(Ky ¢/oy5) / 67, where Kic is the plane strain critical 

stress intensity factor (fracture toughness) and Fy5 is 

the yield strength in tension. 

LEFM approaches to measuring Kic¢ require a large specimen 

width and thickness compared to the crack tip plastic zone 

radius. 

The ASTM E399-74 method for measuring plane strain fracture 

toughness requires ligament width and initial crack length 

to be at least as large as 2.5(Kye/a,,)° This has 
it 

made\ difficult to measure Kic of many high toughness 

25, 
materials by ASTM (Fig. 16). y 

K 
B= (wea) = 2.5(-25)? 

ys 

A modified criterion was developed on an empirical basis 

for the minimum thickness of plane strain fracture tough- 

ness test specimen. 

K 2 

Bon = Ara 

Many models have been developed with attempts to relate 

& and Ky¢ to material characteristics. Krafft (26) 

proposed a model in which an onset of unstable fracture 

coincides with attainment of plastic instability in the 

process zone of fixed size. The process envisaged is 
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that of necking and tensile rupture of small fracture 

cells initiated at inclusion/matrix interfaces, lying 

along the crack front. The relationship be proposed 

is expressed as follows: 

1 

Kye = En(2L)? Duchson een ene CLO 

where Kic is the plane strain intensity factor when a 

plastic instability strain, n, is attained in a process 

zone L, in a material of Young's Modulus E. 

Furthermore, a fracture toughness measurement (27) is 

based on the use of specimen configuration for which 

the initial crack growth is stable under controlled 

force conditions. The concept was demonstrated on a 

specimen configuration consisting of a short rod/bar 

with narrow longitudinal slots for crack guides. 

A new method Cc) was presented for measuring the plane 

strain fracture toughness of ductile materials. This 

method is much more simple than the other method which 

was mentioned before in this report for measuring the 

Kee The advantage of this new technique is that the 

specimen can be much smaller than is normally required 

for a valid Ke test.



1s selactedl 

short rod/bar specimen configuration]for 

which the material along the crack tip is well constrained 

to the plane strain state. From the measurement and 

elastic plastic analysis of the load/displacement curve 4s 

determinedthe energy per unit crack area which is required 

to slowly advance a steady-state crack under plane strain 

condition. 

Two methods may be used to load the short rod/bar specimens: 

a. Shallow grip grooves are machined into the face of 

the specimen and claw grips provide the loading, 

as indicated in Fig. 17, the peak load is used to 

calculate KoA: 
TC 

pO HW) can engense tt 

A> = Gy CEB? /F, 

GycE = Kye" (1-v7) 

A = 20.8 dimensionless calibration constant 

v = Poisson's ratio 

F. = the peak load (force) applied to the specimen 

in the test 

B = specimen diameter 

b. By using a thin inflatable bladder called a flat 

jack (29) Fig. 18. 
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Additionally, the ASTM technique for evaluating the 

fracture toughness (21), is independent of the test 

specimens design. One of the difficulties which arises 

in applying ASTM £399-74 is that the test validity 

requirements sometimes require a specimen size which is 

so large that it precludes the fracture toughness measure- 

ments. Another difficulty concerns fatigue pre-cracking 

requirements. 
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Short rod specimen—> 

Flat jack ——+——- 

            

  

Fluid -—p- 

      

Figure 18 Fractometer method of loading short 
rod specimens. 
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4.1.1 Short Rod/bar Technique for Measuring Fracture 
Toughness 

The method which was suggested by Barker (27) enables 

  

the determination of fracture toughness of brittle 

materials using calibrated specimens requiring neither 

fatigue pre-cracking nor measurements of critical crack 

length which cause failure of the specimen in an unstable 

manner. Thus the fracture toughness can be determined 

from the equation below by measuring only the maximum 

load, as the scaled dimensions 

Pp A 
Kig = em nt ele) 

g /? 

This equation is only valid for material which behaves 

in a linear elastic fashion. For materials which exhibit 

non-linear elastic behaviour orarising crack resistance 

curve during testing due to extensive rlastic deformation 

ahead of the crack tip, Barker Go suggested a 

plasticity correction factor p which can be determined 

during the testing. Thus the above equation can be 

written in the following way 

FLA 
  

=e 1 
Kicsp = 73 (1p/i-p)*) cesses. 1. (33) 

pl? 

where: Fo = average load between two unloading- 

reloading cycles 

A = constant 

= plasticity correction 

= specimen width or diameter 

a5



4.1.2 Crack Opening Displacement ''COD'" Technique 

British Standard (50) specifies the method for carrying 

out crack opening displacement (COD) test of metallic 

materials. A test piece in which a sharp crack has 

developed by fatigue from a machined notch is subjected 

to loading. Test results are obtained from plots on 

an x-y recorder (Fig.20'). 

Calibration of the clip gauge should be made ideally 

prior to each test. 

For the test presented in terms of plane strain fracture 

toughness (Kyo) the fatigue pre-cracking procedure is 

presented in the British Standard 5447. Values of 

fatigue pre-cracking force (P,) are calculated by using 

the following equations: 

= ratio should be in the region 0.45 to 0.55, i.e. 

a 
O245 =< wot 0555. 

4.1.3 The 5% Secant, LEFM 

In the recent publishing of BS.5447.1977 proposed 

method for plane strain fracture toughness Kig> 2 notched 

machined specimen 1s used and the sharpest possible crack 

is produced at the notch root by fatiguing the specimen 

in a low cycle. The initial crack length is the sum of 

eA =



the notch depth and the fatigue crack length. The 

thickness of the test piece (B) should be 

K 
B> 2.5 (1%)? 

ys 

Kic is fracture toughness, Sys is the yield stress. 

The test must be carried out in a testing machine which 

provides for a continuous autographic record of load P 

and relative displacement across the open end of the 

notch. 

Four types of load-crack displacement curves are shown 

in Fig. 49. The type I’ load displacement curve repre- 

sents the behaviour _Of a wide variety of ductile metals 

in which the crack propagates by a tearing mode with 

increasing load. This curve contains no characteristic 

features to indicate the load corresponding to the onset 

of unstable fracture. The BS.5447 and the ASTM.399-72 

suggest the following procedure. Firstly, draw the 

secant line Op, from the origin with a slope that is 

5 percent less than the tangent OA. A horizontal line 

(Vy) at a load equal to 80 percent of Py has to be drawn 

(see Fig. 19). If Vy exceeds one fourth of the corres- 

ponding distance V at Pos the material is too ductile to 

obtain a valid Kj¢ value. If the material is not too 

ductile, then the load P; is designated PQ and used in 

the calculation at the end of this section. 
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The type II load displacement curve has a point where 

there is a sharp drop in load followed by a recovery of 

load. The load drop represents a "pop in" which arises 

from sudden unstable rapid crack propagation before the 

crack slows down to a tearing mode of propagation. The 

same criterion for extensive ductility (as for type I) 

was applied to type II curve, but in this case Po is 

the maximum recorded load. The type III curve shows 

complete "pop in" instability where the initial crack 

propagates rapidly to complete failure. This type of 

curve is characteristic of a very brittle elastic 

material. 

The value of Pg determined from the load displacement 

curve is used to calculate a conditional value of 

fracture toughness Kyc: The equations relating the 

specimen geometry, Fig. 34,35 crack length (a), and 

critical load Po are: 

For bend specimens 

K Poy = > IC aa 

oie 2 , 5 7 
¥(G) @ [1.93 !-3.07 14.55) M495 1aiy / 

225.8) /?] 

The crack length (a) used in the above equation has to 

be measured after fracture at 25% B, 50% B and 75% B, and 

the factor B > 2.5 (Ky¢/oyg)? has to be calculated also. 
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4.2 General Yield Fracture Mechanics 
  

4.2.1 The Crack Opening Displacement (COD) 

The concept of crack opening displacement (COD) is used 

to extend the basic linear elastic fracture mechanics 

theory to a situation where the fracture process is 

accompanied by significant plastic deformation. 

Wells (31) and Cottrell (32) worked on the principle 

that the amount by which a sharp crack opens previous to 

fracture depends only on the local fracture ductility of 

the material, and does not depend on whether the fracture 

occurs before or after general yield. This opening, the 

(COD), is therefore as fundamental a material property 

as, for example, yield stress. 

The recognition of the consequences of yielding at a crack 

tip giving rise to a physical displacement of the crack 

surfaces at the tip, was first applied as a possible 

fracture criterion by Wells and Cottrell. 

Burdekin and Stone (33) found from the theoretical analysis 

that the crack opening displacement 6, at the tip of the 

real crack is using the model employed by Dugdale Boe 

Fig. 21, given by the displacement at the point x = 2 

within the elastically stressed crack of length 2a, this 

displacement was shown by (33), 

8 = S22 og, sec(52) reels) 
y 

aoe



o 
where ey = nea (elastic yield strain) 

a = half length of real crack 

Oo, ¢. = applied or yield stress 

Expanding the expression for COD as a series in (32) 

80.a 

6+ SE ug? + pdfo! + kGZa8 9 «49 
ay y of 

taking the first term 

mo47a 

6 = Ey Eee terre (16) 

From the analysis of a centre cracked plate that the 

strain energy release rate G was found as 

Cue no2a 
7 

From equation (16) 

ses 
ey 

  

G = 6 fe) ete Poe fencerera a tars a or oy (17) 

6 = Wa yey?) 18) Eg TAG) yee eee eee C 

y Y 

Comparing this with ASTM treatment for small plastic 

zone (35) 

G toa I-62 i.e =— = EL (=) iN) 1” eaais ctemteme (19) E Z 
°y °y °y 

Thus, it can be seen that for a << 1, which corresponds 

to a requirement for a crack tip plastic zone which is 

small compared to the crack length,extension force G is 

given by equation no. (17). 
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The model that employed this analysis is shown in 

Fig. 21, which is based on a real crack of length 2a 

in an infinite plate. Under a uniform stress, oa, 

applied in the y direction at infinity, plastic zones 

produced at the tip of the crack extending (x-axis 

extending along the line of the crack) to x = fon 

This situation is represented for the purpose of 

analysis by a crack of length 2a which is surrounded 

by an entirely elastic stress field when under load, 

but which is stressed not only by externally applied 

stress, o, but also by a series of internal tensile 

stresses in the y direction of magnitude O, at x = b 

: 2 + + + 
in the. region -a < -b < -a. 

The stress applied within the crack length 2a represents 

the stresses in the plastic zone at the tip of the real 

crack. 

Burdekin and Stone have confirmed experimentally the 

validity Oeeacte concept of critical crack opening 

displacement prior to fracture using notched tensile and 

bend specimens of mild steel over a wide temperature 

range. Equation (17) indicates the physical nature of 

the relationship between crack extension force and crack 

opening displacement. That is, as loading progresses 

the plastic zone develops at the crack tip which permits 

the faces of the crack to move apart. If the COD is 

large enough for a specified value of yield stress such 

that the product oy 6 exceeds the critical crack extension 

force for the material, then fracture follows. 

on



This expression does not consider the triaxiality near 

the tip region. 

Measurement of COD requires the use of equipment capable 

of recording the opening at a crack tip during loading. 

In early results a "codmeter" was used. The separation 

of the crack is detected by rotation of small blades, 

which provide a continuous direction measurement of the 

coD. 

A photographic technique was used by Fearnehough (56) to 

record the crack opening displacement. The displacement 

measurements were taken from a series of photographs 

using microhardness indentations made on either side of 

the slits. The indentation being made close to the crack 

surface projected an image via the objective lens’ from a 

microscope into a ground glass screen. The magnified image 

is photographed _ at various loads during the test and the 

COD can subsequently be determined from the displacement of 

indentation. 

Crack opening displacements have been measuredalso by using 

a clip gauge attached to the specimen with sharpened cracks. 

A sketch of typical gauge in position is shown in Fig. 17 

(page 43). This method is proposed as standard in draft (37) 

Recently, British Standard (50) specified a new method for 

carrying out crack opening displacement. The specimen 

configuration and test method are similar to those specified 

for Kio testing in BS 5447. 
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FIGURE 21 Schematic representation of local 
plasticity and crack tin for 
theoretical analysis (9) 
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4.2.2 J-Integral 

The J-integral, defined by Rice (38) has been proposed 

by Rice and Begley and Landes (39) as a fracture 

criterion for elastic-plastic behaviour in metals. This 

criterion attempts to extend linear elastic fracture 

mechanics concepts, where only small scale plasticity 

is permissible, to cases where large scale plasticity is 

involved. Begley and Landes showed by experiment that the 

J-integral is a successful fracture criterion for two 

steels. 

The J-integral as defined by Rice is a path independent 

energy line integral. 

J ~ { (way - 24 as) 
T 

where w is the strain energy density 

4
 

fraction vector on the path Tr 

re
t displacement vector 

T any contour surrounding the crack tip. 
s is Path length 

It has been further shown by Rice that the J-integral may 

be interpreted as the potential energy difference between 

two dimensional bodies having neighbouring crack size a 

and a + dq, 

= eu 
J Ya 

where u is the potential energy per unit thickness and a 

is the crack length. Using this energy Begley and Landes 

proposed the J-integral as a fracture criterion. 
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McClintock (20) has shown that by combining the work of 

Hutchinson (41) ana Rice (38) | the crack tip elastic 

stress and strain singularities can be expressed as a 

function of J. Therefore, fracture will be governed by 

a characteristic crack tip Singularity in the plastic 

range. This aspect is analogous to the role of stress 

intensity factor, K,, in linear elastic fracture with 

singularity at the crack tip. 

The strength of the crack tip singularity is the stress 

intensity factor, K. The crack tip region can then be 

characterised by the single parameter "K'' with fracture 

occurring at a critical value of K. 

4.2.2.1 Limitation of J-Integral as a Fracture Criterion 
  

A failure criterion which could predict failure at cracked 

bodies would be a useful engineering tool for both eval- 

uation of structural integrity and the selection of 

materials. LEFM provides a parameter failure criterion 

for a limited class of problems, those of cracked bodies 

with small-scale yielding, where the crack tip plastic 

region is at least smaller than the vhysical dimensions 

of the component. 

It is desirable to have a failure criterion which could 

predict fracture in structure in cases of both small and 

large-scale plasticity. The fracture mechanics are based 

on the elastic analysis of the crack tip region which: shows 

a windigger stress-strain field with a singularity of the 

crack tip. The strength of the crack tip singularity is 

the stress intensity factor K. 

aw oF



A characterisation of the crack tip area by a parameter 

calculated without focussing attention directly at the 

crack tip would provide a more practical method for 

analysing fracture. 

has been 

The path independent J-integral]proposed by Rice (38) | 

its value depends upon the near tip stress-strain field. 

However, the path independent nature of the integral 

allows an integration path taken sufficiently far from 

the crack tip region. 

For linear elastic behaviour the J-integral is identical 

to G, the energy release rate per unit crack extension. 

Therefore a J-failure criterion for the linear elastic 

case is identical to Kjc failure criterion. 
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5. INFLUENCE OF ALLOY CONSTITUENT ON THE PROPERTIES OF 
STEELS: 

The primary purpose of adding alloying elements to steel 

is to shift the curves on a TIT diagram to longer times. 

In heat treating this allows the steel to be cooled more 

slowly and still retain its austenitic structure down 

to M, temperature. In a piece of steel being quenched 

the cooling rate decreases with depth from the surface. 

Thus, alloying means that the centre of thicker pieces 

of austenite can be cooled down to M, in a given quench- 

ant without prior transformation. 

For a given carbon content (2) the hardness of steel of 

given intercarbon spacing is largely independent of the 

amount of alloying elements. The depth of hardening 

varies with alloy. Various alloying elements, and com- 

bination of elements, can have a notable effect on the 

rate of nucleation and growth of pearlite and bainite 

(Fig. 22). 

In the commercial treating of steel the peak almost 

always transforms while being continuously cooled. 

Because of this it is desirable to consider a TTT diagram 

for continuously cooled specimens (a C-T diagram). 

5.1 Heat Treatment and Isothermal Transformation 
  

The transformation of austenite below the eutectoidal 

temperature can be represented by isothermal trans- 

formation diagramsin which the beginning and end of 
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transformation is plotted as a function of temperature 

and time temperature transformation or TTT curves 

form one of the important sources of quantitative 

information for the heat treatment of steels. 

The effect of carbon ey on both M, and Mr is shown 

in Fig. 23, from which it can be seen that 1% C by 

weight lowers the Mp by over 300°C a *, that 

above 0.7% C the Me temperature is below room temper- 

ature and consequently higher carbon steels quenched 

into water will normally contain substantial amounts 

of retained austenite. Carbon has also an effect on 

the range of temperature over which upper and lower 

bainite occurs. The Bo. the start of bainite trans- 

formation temperature, is depressed by many alloying 

elements but the carbon has the greatest influence, 

the carbon concentration also influences the tempera- 

ture of transition from upper to lower bainite, 

Alloying elements (45) have a great influence on the 

proportion of austenite retained on quenching. 

Typically, a steel with 4% molybdenum, 0.2% C, in the 

martensitic state contains less than 2% austenite. From 

0.2% molybdenum in steel containing 0.4% carbon to 2% 

molybdenum and 0.3% carbon, then the whole C-curve is 

raised and reaction substantially slowed, so that the 

nose is above 700°C, the reaction starting after four 

minutes (Fig. 23-1 and 23-2). Two typical cooling 
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curves for the surface and the centre of an oil quenched 

95 mm diameter bar are shown in Fig. 24-1 and 38 mm 

Electem and Somdie block (Figs. 24-2 and 24-3). In the 

case of chromium which is a strong carbide former, the 

strength of the steel rises by 8-10 kg/mm? per 1% 

chromium. The yield point is likewise increased, 

however not at the same rate but the notch impact value 

is lowered. Additionally, adding a certain percent of 

manganese to steel improves the strength properties 

while only slightly impairing its elasticity. Further- 

more, manganese has a favourable influence on the forging 

property. With up to 3% manganese the tensile strength 

of steel is increased by about 10 kg/mm? for every 

percent of manganese. The yield point behaves in a 

similar manner (43) | Molybdenum has a considerable 

effect on steel; it improves the tensile strength and 

especially the heat resistance. When used in alloy 

steels in combination with chromium and nickel, molyb- 

denum may produce high yield point itensile strength 

values. Molybdenum also has a strong tendency to form 

carbide. Furthermore, molybdenum reduces the tendency 

to "temner brittleness" in low nickel, low chromium 

steels oy 

Isothermal transformation and cooling curves for 

Electem, Somdie and Thermodie steel are shown in 

Figs) 25-1) 25-20and 25-3 2). 
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5.1.1 Bainite Transformation 

To develop the best combination of strength, ductility, 

impact toughness and fatigue resistance, a steel with 

good hardenability has to be chosen to ensure the 

formation ofafully martensitic structure before tempering. 

Many components, however, are not subjected to the high 

stress which requires the use of tempered martensitic 

structure, and in this case it is possible to use steel 

of lower hardenability given a completely hardened 

structure which is partly or wholly bainitic. It must 

be emphasised, however, that incompletely hardened 

structures often have poor toughness and low resistance 

to fracture. The location of the bainite range with 

respect to cooling rates, treatment time and treatment 

temperature is also important. 

Bainitic transformation (46) results in the formation 

of a mixture of a-phase and carbide, which is called 

bainite. Unlike pearlitic carbide, which has a lamellar 

structure, the carbide in bainite is in the form of very 

disperse particles detectable by electron microscopy only. 

A distinction is usually made between upper and lower 

bainite to show that bainitic transformation has taken 

place in either upper or lower regions of intermediate 

temperature ranges. Upper bainite has a feather-like 

structure, whereas lower bainite has a martensitic-like 

acicular structure. The microstructure of the lower 

bainite may sometimes be hardty distinguishable from 

that of tempered martensite. These microstructural 
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features of bainite, which should be linked with the 

shape of ferritic crystals, may be absent in some steels. 

For instance, the shape of ferrite in bainite may be other 

than acicular, granular and columnar forms of bainite are 

sometimes possible. A stricter distinction between 

upper and lower bainite can be made by the pattern 

of distribution of carbide phases. As has been shown 

by electron microscopic examination, carbide particles 

in upper bainite may be present between ferritic plates 

or at grain boundaries and inside plates, whereas in 

lower bainite the carbides are always present inside 

platelets of a-phase. 

In many alloy steels the bainitic transformation has a 

feature very typical of martensitic transformation, i.e. 

it does not proceed to full disappearance of austenite. 

As the transformation temperature departs from that for 

the start of the bainite transformation, Bos the amount 

of bainite increases, while the amount of retained 

austenite decreases. Alloying elements may have a 

different effect on the speed of break down of austenite 

in the pearlitic and bainitic regions. In some steels, 

the bainitic transformation may be shifted considerably 

to the right because of alloying effects (Fig. 26). 

5.1.2 Martensitic Transformation 
  

Martensitic formation temperatures have some influence 

on the response of low and medium carbon alloy steels 

to conventional quenching treatment. From the practical 
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viewpoint, the rate at which the martensite expansion 

occurs in various parts of complex components made from 

different steels is a factor affecting distortion. The 

dependence of the martensite formation reaction on 

chemical composition has been recognised for many years. 

Novikov (46) pointed out that martensitic transformation 

can occur in carbon steel heated to a temperature above 

Ay if the steel is quickly quenched, for instance, in 

water. For each steel grade, the austenite to marten- 

site transformation 'starts at a definite temperature Mg. 

The M, temperature is independent of cooling rate within 

a very wide range of cooling rates, the formation of 

martensite takes place within martensitic point M, and 

the lower point Me. ie M. point can be lowered 

appreciably by increasing the carbon, in steel with less 

than one percent carbon it is above 200°C. The M, point 

may be changed through variations in the steel composi- 

tion. In particular, alloying additions which increase 

the elastic modulus of matrix (austenite) can hinder the 

martensitic transformation. 

The content of carbon in austenite is not always the same 

as that in steel, since the carbon may be present in 

carbides. These carbides, which exist in the metal along 

with austenite, cannot by themselves affect the M, point, 

but can produce an indirect effect. For instance, on 

increasing the hardening temperatures, the carbides 

dissolve in the austenite, the latter becomes higher in 

carbon, and thus the My point is lowered. 
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oil-quenched 95 mm diameter bar 
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5.1.2.1 Deformation Induced Martensitic Transformation 
and Transformation Induced Plasticity in Steel 

The martensitic transformation is induced by deformation 

in metastable austenitic steel. This is called the 

deformation induced martensitic transformation. In 

order to understand the general nature of deformation, 

applied stress and plastic strain on martensitic trans- 

formation has to be considered, since the martensitic transformation 

is achieved by the co-operative shear movement of atoms, 

therefore, applied stress aids the transformation. 

(47 
Tamura ) suggested that the deformation induced mart- 

ensitic transformation can be understood only in terms 

of the effect of applied stress rather than effect of 
occurs 

strain. A remarkable increase in elongation when a 
structure 

martensiticlis formed during deformation. 

5.1.2.1.1 Deformation Induced Martensitic Transformation 
  

Fig.27 shows the change in the chemical free energies of 

martensite and austenite with the temperature, where: 

T, is the temperature at which the austenite and 

martensite are in equilibrium 

M. temperature at which the transformation starts 

by cooling 

acres free energies difference between austenite and 

martensite which is equal to the critical 

chemical driving force for start of martensitic 

transformation. 

.u is the critical mechanical driving force 

t= acy - ee (See Figure 27) 
s Ty 
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This is necessary for the stress induced martensitic 

transformation at Ty. The mechanical driving force, u, 

is a formation of stress and the orientation of trans- 

formation martensite plate, this was explained by Patel 

and Cohen et al (48) 

H. Onodera, Hgoto and F. Tamura (3) pointed out that 

when the specimen is stressed by Oy, as shown in Fig. 28, 

therefore t and o are expressed 

(0 ee 0.504 Sin 20 cos a 

a "1 + 0.50, (1 + cos 29) 

where oy is the absolute value for applied stress/tension 

or compression, © is the angle between the axis of applied 

stress and the normal to plane p; a is the angle between 

the shear direction of the applied stress on plane p; 

+ and - correspond to tension and compression respectively. 

Tamura ct?) also pointed out that for the martensite forma- 

tion the critical stress increases linearly with 

increasing temperature between M, and ME below the yield 

stress of austenite, as shown in Fig. 29.



The complex inter-reactions between applied stress, 

plastic strain and martensite transformations have been 

studied extensively by Bolling and Richman oy They 

defined a temperature Mg (above MM), below which 

yielding under applied stress is initiated by the onset 

of martensite formation and above which yielding under 

applied stress is initiated by regular slip processes 

in the parent phase, these relations as given in Fig. 29. 

-78-



  

    
     

      

AGm 
Chemical : 
Free 
Energy 

Martensite 

| | 

| | 

1 | 

| | 

| | ! 
\ | Austenite 

| | | | 

\ | | 
| | | 
| | 
| 
1 | i 

Ms yy To 

Temperature 

FIGURE 27 Chemical Free Energy of austenite 
and martensite as a function of 
temnerature{47) 

=79-



FIGURE N oo
 

ae 

[ee ae 

Sm 

oe 

  
¢ 

Relation between anplied stress 
axis, A, 8 and a, N normal 
direction to nlane vp, 
S is shear direction of martensitic 
-transformation and S, is maximum 
shear direction on p{47) 

-80-



  

oO 

Applied 
Stress 

Cs ee fo a mean — a “jj | 

/ 

    

    

RS Strain induced 
transformation   Q 

ees 0.2% proof 
stress of 
austenite       

| 
| 
| 

| 
s s 1 Mg 

Temperature 

FIGURE 29 Critical stress for martensite 
formation as a function of 
temperature,|47) 

-81-



6. EXPERIMENTAL WORK 

6.1 Material Used 

Four types of die steel were tested: 

i.) Exectem 

2. Thermodie 

3. Hydie 

4. Somdie. 

Each of these materials were forged into 10" x 10" size 

blocks; specimens were provided by Walter Somers Limited, 

representing top, middle and centre of a die block. All 

these specimens were machined after heat treating the 

block, as shown in Table 1. The chemical analysis also 

has been tabulated in Table 2. 

6.2 Specimen Preparation and Dimensions 
  

6.2.1 Short Rod/Bar 

Specimens were machined from forged die blocks for each 

material, Fig. 30. The dimensions of these specimens 

include slot length, slot thickness, grip and grooved 

depth, as shown in Fig. 31. 

The specimens taken from 10" x 10" blocks were to be used 

for determining the effect of microstructure on fracture 

toughness from outside to centre of the block, as shown 

in Figs. 32, 33. A spark machine was used for producing 

the slot, each specimen was measured before being tested. 

Figure 30 shows short rod/bar which has been used for 
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determination of fracture toughness. 

Barker (s)) pointed out in his recent work that the 

specimen geometry has to do with the confi~guration 

of the slot bottoms. It was also shown in his previous 

work that if the plastic zone is not extremely small, 

the slotsshould be either very thin or they should have 

pointed bottoms to minimise errors from non-plane strain 

effect at the end of the crack. 

The specimen dimensions for short rod/bar used in this 

experimental work are shown in Tables 5, 7 and 10. 

6.2.2 Three Point Bend 

The fracture toughness testing programme followed 

strictly the procedure for the K,, test. The basic 
Tc 

observations as a function of load. made for each 

. wert 
fracture toughness specimen:,,? the amount of crack 

opening displacement and the extension of crack growth. 

The fracture toughness testing specimens were made to 

meet the recommendations of the standard for plane 

strain fracture toughness testing, BS 5447. The specimens, 

as shown in Fig. 34 and dimensions in Table 12, were cut 

from the forged block in direction shown in Fig. 35. One 

specimen for each type of die steel was tested with the 

notch on an edge surface in the plane parallel to the top 

surface of the block. The first step in preparing the 

specimen for testing was to polish both faces, normal to 
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the cracking plane to allow optical examination and 

surface measurement of the fatigue pre-crack. The 

fatigue pre-cracking was carried out under fully 

controlled conditions using an Amsler Vibrophore 

having a 2-tonne maximum capacity dynamometer. The 

preliminary test specimens were fatigue pre-cracked 

to obtain the crack length to width ratio, as shown 

in) Table 12. 

Estimating the Kic of the materials from short rod/bar 

(average value), the Kemax at the end of initiation 

stage was calculated by using the following equation: 

1 

P - Kpmax Bw? 
Fmax ¥ 

6.3 Short Rod/Bar Fracture Toughness Testing 
  

Fracturing of the specimen was carried out on 5000 kgf 

capacity Instron testing machine using a cross-head 

speed of 0.01 cm/min. Claw grips with clip gauge were 

mounted across the centre of the mouth of the crack. 

The loading was accomplished by pulling on grips fitted 

into grip grooves in the face of each specimen (Fig. 17 vage43) 

A clip gauge was used to monitor the specimen mouth 
a record 

opening, and .t was made of the applied load vs. the 

mouth opening. 

In each experiment on a short rod, three unloading slopes 

were drawn for measurement of p (plasticity) at different 

average crack lengths, which indicated the variation of 

p with crack length. The linear unloading slopesin 

Fig. 36(1-12) have been extrapolated to the zero load axis 
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for the graphical determination of AX,. Likewise the 

horizontal F line was drawn at the average load between 

the unloading slopes. The plasticity "p" was then the 

ratio (AX, /AX) . The average value for each specimen is 

listed in Table 6. 

The test record was used to determine the load versus 

displacement crack mouth opening, diagrammatic illustrations 

of these test records are shown in Figs. 36(1-12), 37(1-15) 

and 38(1-14). 

The appropriate fracture toughness results incorporated in 

this thesis were obtained in order to assess the following: 

1. The effect of material, test method and size of 

test specimen on fracture toughness. 

2. The effect of material condition on fracture 

toughness. 

3. The effect of crack length on fracture toughness. 

4. The effect of microstructure on fracture toughness. 

All these results are incorporated in Tables 1-9. 

6.4 Three Point Bend Test 

Three point bend tests were carried out on Thermodie, 

Hydie and Somdie hot work die steel. The specimens 

were machined from the forged block according to BS.5447. 
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Dimensions of these specimens including notch depths, 

root radii and crack length are incorporated in Table 

12. After machining the specimens were electro-spark 

machined to ensure straight crack fronts (Professor 

J.T. Barnby conversation). Fine notches were produced 

by using a thin copper foil. Following production, 

each specimen was measured before being tested. In 

order to determine the notch depth a shadow-granh was 

used. Fatigue pre-cracking of the specimens was 

performed on Amsler vibrophore, crack lengths were 

measured after the test using a travelling microscove. 

A schematic diagram of the test set up is shown in 

Fig. 34. All the specimens were tested on an Instron 

testing machine using the 5000 kgf load cell and 

10,000 kgf load cell at constant cross-head speed 0.1 

and 0.2 mm/min. The three point bend rig illustrated 

in Plate 1 was used. Span dengtht four times that of 

the width and the specimens were supported on free 

rollers. Before starting any tests, recorder and Instron 

were warmed up for at least } hour, then the load cell 

was calibrated prior to experiments, a clip gauge was 

seated on the test piece supported by two knife edges 

each side of the notch. The test clip gauge was cali- 

brated also. 

The test record was used to determine the load versus 

displacement crack mouth opening, diagrammatic illustra- 

tions of these test records are shown in Fig. 39{1-6). 
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6.5 Mechanical Testing 

6.5.1 Tensile Testing 

Tensile testing was carried out on Electem, Thermodie, 

Hydie and Somdie steel specimens. 

No. 12 tensile specimens (Fig. 40) were used in this 

test, and testing was carried out on 5000 kgf capacity 

Instron testing machine with various cross-head speeds 

of 0.02 and 0.05 cm/min. and chart speed 1 cm/min. 

The conditions applied to these specimens are as shown 

in Table 1; the room temperature, mechanical properties, 

incorporated in Table 3, are obtained from load/exten- 

sion record, as shown in’ Figs. 41-43. The conventional 

measures of ductility that are obtained from the tension 

test are the engineering strain at fracture (e¢) (usually 

called the elongation); the reduction of the area at 

fracture, q, both of these properties are obtained by 

putting the specimens back together after fracturing and 

taking measurements of Ly and Ap 

  

Le-L 
i 70 Ayo es oe Baee(20) 

£ Lo 

A_-A 
q = wt hose eee) 

oO 

Both elongation and reduction of area are usually 

expressed as a percentage. The value of (e,) depends on 

the gauge length (L)- The smaller the gauge length the 

greater will be the contribution to overall elongation 

from the necked region and the higher will be the value 

(e¢)- 
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FIGURE 40 Test piece tensile test specimen No. 12" 
showing the dimensions and the cross- 
sectional area "A" 
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Reduction of area is more a measure of the deform- 

ation required to produce fracture, and its contribution 

results from the necking process. Because of the 

complicated stress state in the neck, the values of 

reduction of area are dependent on specimen geometry and 

deformation behaviour. They should not be taken as the 

material properties. Some mechanical properties of the 

material have been investigated, such as tensile strength, 

yield stress and the maximum load to fracture, as shown 

in Tables 3 and 4. 

6.5.2 Hardness Testing 

Hardness can be defined as the property of a material 

which causes it to resist the penetration of another body. 

Hardness tests are carried out by using a diamond pyramid 

(Vickers method). Hardness was determined by using 20 kg 

force; results are incorporated in Tables 3-4, the values 

given are an average of at least ten readings. 

6.5.3  Metallography and Fractogranhy 

From each of the alloys specimen halves were taken. The 

fracture surface at each half along the crack was examined 

by using the scanning electron microscope. Three vhoto- 

graphs were taken from three positions on the fracture 

surface along the centre at (V), shown as A, B, and C in 

Plates 2 to 39. 

7L6o=



A section along the crack surface was mounted in trans- 

opotic moulding powder, ground and polished in the 

normal metallurgical manner and examined in etched 

conditions (etchant 4% nital). Photographs taken for 

the microsections in the etched condition from the top, 

middle and edge along the crack surface are as shown in 

Plates 40 to 77 inclusive, by using an optical electron 

microscope, photographs have also been taken along the 

fatigue/front surface for (Hydie and Somdie) three point 

bend test, as shown in Plates 7g—Q4 

6.6 Heat Tinting Process 

Since the heat tinting has long been successful, it was 

used to obtain baseline data. In the heat tinting method 

specimens are: 

1. Loaded to some predetermined disnlacement to 

obtain an estimated crack length, 

2. Unloaded, 

3. Heat tinted to mark the crack advance, 

4. Cooled and broken apart by further loading in 

order to expose the heat tinted surface for the 

actual measurement of crack length. 

A series of heat tinting tests were carried out on 

'Hydie' steel Hl "Short Bar", as shown in Table 8, by 

placing the specimens in a furnace at 300°C for a 

minimum of 4 hours and then following the same procedure 

as above. 

I)



7. DATA ANALYSIS 

7.1 Ki csp Analysis 

By measuring the plane strain fracture toughness of 

short rod/bar specimens, several specimen test behav- 

iour types have been observed. 

One data analysiswas valid for most types but when 

the specimen material displayedthe crack jump behav- 

iour during the test a different procedure was 

appropriate. 

The plasticity correction factor for some of the short 

rod steels and the critical load has been determined 

from the load/crack mouth opening displacement, as 

shown in Table 6. 

The plasticity correction factor and critical load were 

determined as follows:- 

1. Two or more unloading and reloading paths are 

drawn when the load is near its maximum value. 

2. The high and low points on each unloading-reloading 

cycle were determined ("H" and "L" points in Fig. 

36 (2-8). A high point is the point at which the 

grips started moving together to relax the load on 

the specimen, and the corresponding low point is 

on the reloading part of the unloading path at half 

of the high point. 

= 17a



Through the high and low point of each unloading- 

reloading cycle, an ideal elastic release path is 

drawn. 

The average load line represents the average load 

between the two unloading-reloading cycles. 

However, this was just before and after the 

maximum. 

AX was measured (the distance between the release 

path approximation at the average load line) and 

AX, (the distance between the release path 

approximation at the zero load line). 

The value of the plasticity correction was 

calculated from the equation below: 

AX 
Di= iG! 

AX 

Kicsp III value was obtained using the equation (33) 

K Tl =p AC -1+p, 4 ICSB = 
R s/n Ip 

The value of A was obtained from: 

  

= * ww A vee] 5 

ia 1 
Yao 41745 -dcEB 1? 

2 aaa dCt/w 

Biner and Barnby (54) found that "A" for standard 

specimen used by Barker has to be 18.62. 

The value of Kicsg was calculated in three different 

ways, as follows: 

=172=



  

1 K Tee Pnax. AS 
ICSB B>/2 

where Paax 7 maximum load at fracture 

As = 18.62 as standard 

B = specimen diameter or breadth 

plasticity correction p = 0 

oe eee eee 
i ICSB oe 

B 

Peiyst = load for the first crack jump 

As = dimensional constant (18.62) 

B = specimen diameter or breadth 

Pe a: 

Fg: Ac Teo. i | 
3. Krcgplil = 33/2 Gea)! estimated fracture 

toughness 

X = average load after loading and re-loading 

Ac = calculated dimensionless constant 
AX 

p = re plasticity correction factor 

A representative trace of applied load versus clip gauge 

opening is reproduced for each material and such curves 

give an indication of type of fracture behaviour 

exhibited by the material. 

7.2 Kic (Three Point Bend Testing Specimens) 
  

The data obtained from the load-crack opening displace- 

ment were used to calculate the stress intensity factor 

ays =



(Kyq)- By using the following equation 

where Y is the specimen compliance function dependent 

on the crack length (a) and the width of the specimen 

(w) , ae is the maximum load to fracture. B and w are 

thickness and width of the specimens. 

The compliance function that was used to determine Y in 

this work is given in the following equation: 

Y = 1,95 - 3.07 (8) + 18.55 (2)° - 25,11 1)" 

2925 82) 

In the preliminary test programme, the stress intensity 

factors were calculated according to the plane strain 

fracture toughness stated in BS.5445. 

The crack length was measured after fracturing the 

specimens by using the shadow graphs as a notch length 

plus a fatigue crack length of 4, 3, 3 of B along the 

end of fatigue crack front. 

Two criteria were put forward to check the validity of 

Kic value, these are: 

A Prax/Pg ratio must not exceed 1:1 

2. Limiting thickness criterion is 

Blouzes (Byo/oy 4) 
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8. RESULTS 

The test results obtained are summarised in Tables 

1 to 12 for fracture toughness short rod/bar and 

three point bend tests. 

General appearance of the test specimens are shown 

in Plates 84-87. Photographs from the top of the 

fracture surface down to the edge, as A, B and C 

respectively have been taken as shown in Plates 

2-83 

“Lise



TABLE sf 

CONDITION USED FOR TREATMENT OF SHORT 
ROD/BAR H.W. DIE STEEL 

  

MATERIALS CONDITION 
  

Electem and 
Somdie (short rod) 

Water quench from 850°C 
for 5 minutes, and then 
OQ down to room temperature. 
Tempering between 630-640 -C. 

  

Thermodie (short rod) 0.Q. from 850°C, cool 150°C 
before gempering between 
630-640°C. 

  

Hydie (short bar) 0.Q. from 900-920°C and 
tempering immediately. 

  

Somdie (short bar) W.Q. and tempered 
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TABLE 2 

CHEMICAL ANALYSIS OF SHORT ROD/BAR TEST SPECIMENS 

  

  

Elements Electem Somdie Thermodie Hydie 
w/o w/o w/o w/o 

Carbon OsS3) 0.53 0.56 (Siasal 

Sulphur 0.028 0.025 0.029 0.021 

Silicon 0.30 Oost 0.560 0.24 

Phosphorus 0.013 0.023 0.022 0.011 

Manganese 0.90 1.04 0.590 0.56 

Nickel 1.30 1.17 $599 0.38 

Chromium 0.97 1.30 0.83 2.78 

Vanadium ND ND 0.01 0.16 

Molybdenum 0.28 0.53 On7S 0518 

Cobalt 0.09 0.07 0.03 0.02 

Copper Oars 0.13 0.24 0.18 

Tin ND ND 0.019 0.24 

Aluminium ND ND 0.010 ND 

Iron Remainder Remainder Remainder Remainder 
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TABLE 3 

MECHANICAL PROPERTIES OF ... INVESTIGATED ALLOYS AT ROOM 
TEMPERATURE UNDER CONDITIONS SET IN TABLE 1 (SHORT ROD 

  

  

  

  

  

  

  

SPECIMENS) 

Yield 
Strength 
MN/m2 
Proof Reduction 

Material Specimen Vickers Stress U.T.S. in Area Elongation 
No. Hardness 0.2% MN/m2 % % 

Electem 0 420 1205 1284 5 8.3 
A M 415 1058 1088 aL Sa) 

Cc 394 LT27 1284 Q.4 65: 

Electem 0 426 TLS 7 1205 4 5.0 
B M 420 1107 1166 1 §.0 

c 401 1166 1284 5 1.0 

Somdie 0 435 225 1333 10 10.0 
Cc M 438 Las 1315 5 Ta0, 

€ 412 £2355 1362 4 7.5 

Somdie 0 447 1186 1303 8 Tie. 
D M 441 1210 1323 6 8.0 

C 418 1245 1352 5 6.0 

Thermodie 0 SOT 1058 L2a5 5 Tas 
E M Sa 1019 1166 10 150) 

c 397. 866 990 3 4.0 
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TABLE 4 

MECHANICAL PROPERTIES OF . INVESTIGATED ALLOYSAT ROOM 
TEMPERATURE UNDER CONDITIONS SET IN TABLE 1 (SHORT BAR) 
  

  

  

Yield 
Strength 
MN/m2 

Vickers Proof Reduction 
Specimen Hardness Stress U.T.§. in Area Elongation 

No. 0.2% MN/m % % 

H10 381 1029 1127 a5 15: 
H1M 371 1029 1117 25 alae 
H1C Sye 990 1107 34 16 
H1A a7L 1000 1088 32 14 
H1B 381 1000 LET 24 Le 
H20 388 1039 1137 40 15 
H2M 383 1029 TE27, 6° 7 
H2C 381 1009 1127 18 12 
H2A 358 1000 1107 28 Ss 
H2B 376 1009 EA 32 14 
H30 388 1054 1147 40 a5 
H3M 374 1059 1156 20 12 
H3C 362 1029 LL 20 12 
H3A 362 1029 1117 30 14 
H3B 362 1029 TF 40 16 

$10 528 1205 1294 LS ie 
S1M 420 LIST 1176 2 4 
S1c 418 LU? 1127, 2 2 
S1A 528 1107 1127 2 a 
S1B 432 1254 1325 4 5 

S20 528 1235 1254 2 2 
S2M 460 1029 1039 1 PARIS) 
S2C 435 1088 1088 1 2 
S2A 429 1156 1176 3 > 
S2B 435 1264 1274 6 5 

$30 411 1205 1225 5 S 
S3M 432 1176 1176 oso 265 
S3C 426 1225 d25 25. 3 
S3A 438 = = = onl 
S3B 438 1303 1323, 4 3 
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TABLE 5 

SPECIMEN. DIMENSIONS OF H.W. DIE STEEL SHORT ROD 

  

  

vd a a 
Specimen B W ° iL 
No. mm mm mm mm . ao AS 

AO 25.415 -38.27 14.17 0.50 58 19.23: 18.62 
AM 25248 358.27 F8.57 0,70 58 18.92 18.62 

a BC 25..47 38.28 13.235) 1.52 55) 17.96: Siswae 
o 

5 BO 25.46 38.23 14.352 0,00 55 19.63 18.62 
S 23M 25.40 38.16 14.46 0.45 58 19-60 18562 
fm BC 25.44 38.14 14.76 0.00 So 20.13 18.62 

co 25.460  S8.1o  13)95 O45) 56 19.12" 18 562 
CM 25.45 38.18 13.78 0.00 55 29512 Se G2 

© CC 25.045: 38.09 “US 89" OLOL 5 Licey Locos 

Oo 

B00 25647 $8.12 7.32 0.30 65 2502 18.62 
n DM 25-45 - 38.08 14.72 0.25 58 20.02 18.62 

DC 25.44 38.10 £3.40) 0.003) 55 18.79 18262 

a EO 25.43 38.14 12.84 0.40 SF US L12 “1862 
2 BG Z50So. s000L) L467 1.5735 (SS 19222 18562 

a 
o 
a 
B 
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TABLE 6 

H.W. DIE STEEL FRACTURE TOUGHNESS TEST RESULTS 
SHORT ROD SPECIMEN 

  

  

Specimen Pmax Po P. “rsp! StcsR 
No. kg kg MN/m2/2 MN/m?/2 

AO 1890 1862 - 85 87 
AM 162s n ae Z 2B 74 
AC is75 17st = 84 81 

*BO 2050 2000 0.18 92 97 
BM i625 0 - _ 73 77 
BC 1875) 74g 84 91 

co 1975-1883 = 89 91 
CM 7c / 84 87 
cc 157 cae z 71 73 

DO 2325 22198) = 104 130 
DM A613 4293 = 208 225 
DC 1725 1651 = 78 78 

EO 2800 - = 126 123 
EM 2795 92722) OL1d 125 = 
EC 1200) 9) = z 54 56 

  

* Fracture toughness for specimen BO is also calculated 
by using the plasticity correction factor 

P OAS pel 
Kicsp = 115 calculated by Kicsg = a (=p) ° 

Prax AS 
Kicspl = ce eae = max. load to fracture 

K tf oe Pmax AC PO = average load 
ICSB Bo/ 

2 AS = standard constant (18.62) 

AC = calculated constant 

=e ie



TABLE 7 

  

  

SPECIMEN DIMENSIONSOF "HYDIE" STEEL SHOP.T ROD 

: a 

ie ia r oi . 2 AS 

H10 25.48 38.29 12.59 0.85 S5.17 18.62 

HIM 25.48 38.46 12.86 0.40 54.04 18.62 

H1C 25-40 S829 127-69 0.85 55.68 18.62 

H1A 25.48 38.29, 12.39 0.60 54.05 18.62 

H1B 25.48 38.29 12.59 0.60 54.78 18.62 

H20 29047 58029 12758) 0230 954.20 18.62 

H2M 25.48 38.29 12.39 0.60 54.33 18.62 

H2C 25.45 38.29 12.359 0.65 S4.74 18.62 

H2A 25347 30728 12.58) 0,60 $3.80 18.62 

H2B 25.47 38.29 12.59 0.55 535.90) 18.62 

H30_ 25.47 38.29 12.19 O45 S35°90 18562 

H3M 25.47 38.29 12.59 0.50 54.80 18.62 

H3C 25.48 38.29 12.59 0.60 54.20 18.62 

H3A 25047. 38529 12.59) 0.55 535.50) 18.62 

H3B 25.48 38.29 12.59 0.65 85.50" 18.62 
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TABLE 8 

"HYDIE'" STEEL FRACTURE TOUGHNESS TEST RESULTS "SHORT BAR" 

  

  

  

SPECIMENS 

Prax Prirst Krccgp)! "rc (g3) 77 
kg MN/m>/2 MN/m?/ : 

1245 1240 55.89 55.67 

1397 1000 62.72 44.90 

1270 1270 57529 a1 eee 

1330 1550 . 59.71 59.71 

1280 1170 57.47 52.55 

1660 1060 TALS 7 47.62 

1280 = 57.47 = 

1540 : 69.26 - 

1675 “ 75.24 42.68 

1370 = 61.54 - 

171082 1710 78.30 64.12 

1380 1100 63.19 49.41 

1220 a 55.86 s 

1180 1100 53.06 49.41 

1580 1200 70.98 Soe I 

Pax: AS ; 
Kie(sB). = =n 1 eer = maximum load to fracture 

Prirst AS . z 
Kic¢spy tt = w/e Fewest first crack jump load 

AS = 18.62 standard constant 
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TABLE 10 

SPECIMEN DIMENSIONSOF H.W. SOMDIE STEEL (SHORT BAR) 
  

  

  

Sree Mies ee te Oe 
$10 Zoe20) s5hero 12559 O.55 9 535.0) ses? 

S1M 25520 50.09 12.29 O.50°955.9° 15.62 

Sic Zoce8 38.08 12.88 0.85 S3.8 18.62 

S1A 25.29 38.19 12.59 0.70 54.0 18.62 

S1B 25028) 38°20 712.50 10v35 53.6) 18.62 

$20 25.520 58.19) "15.19 9O.65  S5.0 «18.62 

S2M 25.20 58.19 12.79 0.69 55.0 18.62 

SZC 2Oe28) SS .t90 b2559 VO.O0! 54.0 W862 

S2A 25.28 38.19 12.99 -0.50' 535.8 18.62 

S2B 25.27 38.19 12.59 1.20) 54/0 (18.62 

S30 25.29-"38..18 12,48 1...0: 63.0 18:62 

S3M 25.28 38.48 42.68. 15 18.62 

S3C 25.28) 736.19) 932.69 0.5 53.0 18.62 

S3A 257.28 38.19 - - - - 

S3B 25.127) 58519) P2279 1.0 55.7 2862 
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TABLE 11 

H.W. SOMDIE STEEL FRACTURE TOUGHNESS RESULTS 

  

  

  

  

"SHORT BAR"! 

i STese- 
Specimen max 3/2 

No. kg MN/m 

$10 3175 143 

S1M 1825 83 

Sic T575 UA 

SIA 1540 70 

S1B 2725 124 

$20 3250 148 

S2M 2250 102 

$2C 1925 88 

S2A 2375 108 

S2B 2975 TAS 

S30 3275 149 

S3M 3427 156 

S3C 1575 72 

S3A - - 

S3B 3500 159 

K ie Pmax As P 
TSS ae 372 “max = maximum load to 

B fracture 
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TABLE 13 

TEST RESULT OF SHORT ROD/BAR WITH STANDARD DEVIATION 

  

  

  

  

  

  

  

  

  

  

Average 

Specimen *rcsB *ICSB No. of Standard 
No. MN/m°/2 MN/m°/2 Test Deviation 

AO ee 88.5 4.95 Ee 
BO 92 

g Ne 73 73 0 0 
2 BM 73 
o 

iz AC 84 84 0 0 
y BC 84 

co oe 96.5 10.6 ul 
DO 104 

= OM at 146 87.68 60 
2 DM 208 
° 
n 

: eice m 70.5 4.95 6.8 
DC 70 

H10 56 
H20 75 69.6 8.44 2 
H30 78 

. HIM 63 
a H2M 58 61 2.04 3.4 

= HSM 63 

HC 57 
H2c 69 60.7 2.98 4.9 
H3C 56 
  

-188-



9. DISCUSSION 

General 

Four types of die steel were investigated. The fracture 

properties of these steels were evaluated using short 

rod/bar and three point bend test specimens. The experi- 

mental testing was designed so that all measurements 

necessary for load/crack mouth opening displacement 

methods could be recorded during testing of a single 

specimen. 

The fracture toughness was followed by macroscopic and 

microscopic observations of the broken specimens. For 

clarity of presentation, the discussion has been divided 

into sections. 

9.1 Metallography and Fractography 

Despite the differences in the four different types of 

die steels, the fracture surfaces exhibited similar 

features which could be categorised in the following way: 

1, Fully Brietie 

As shown in Plates 16, 17, 22 and 38, the fracture 

surface was made up almost entirely of cleavage 

facets, often with microcracks and stepped features 

associated with it. There was no evidence that 

change in orientation from one cleavage facet to 

another involved any substantial amount of ductile 

fracture. 
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Brittle but with isolated ductile regions, as shown 

in Plates 3, 4, 6, 10,118, 19, 20,21, 22, 23, 24, 

25,28, 32,133, 34 

Here, although the fracture surface was predominantly 

brittle, regions of ductile fracture, generally no 

larger than a grain, occurred randomly distributed 

along the crack. The dimpled features of these areas 

were always much finer than the main feature associated 

with ductile slow crack growth, were similar to that 

observed in the shear tip regions, as shown in Plates 

11 and 12, but were never associated with inclusions. 

Ductile slow crack growth (32) as shown in Plates 

5, 8, 11 and 14. These regions could be observed 

only for the shorter cracked specimens. Some of these 

tests probably failed entirely in the slow ductile 

mode while others started in the ductile mode but 

change eventually to fast brittle fracture could be 

observed within the slow crack growth areas and some 

ductile dimpling within the predominantly brittle 

regions. The dimpled regions tended to link one void 

with another, as shown in Plates 2, 5, 8, 11 and 14. 

The voids on the other hand, apart from containing 

inclusions, have similar appearance to the stretch 

zone. This similarity between the stretch zone 

suggests that voids are really a quasi-continuous 

extension of stretch zone (55) , Ductile tearing of 

this nature, that is void growth, generally around 
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inclusions linked by bridge of ductile dimples, as 

shown in Plates 2, 3, 5, .7, 8, 10, 14, 15, 26, 29, 

30, 31, 35, 36, 37 and 39. These can occur either 

at plastic collapse or during slow stable crack 

growth. The crack growth is the crack ee controlled 

rather than controlled by dimensions of uncracked 

ligaments. Effects of these inclusions (type, shape) 

on fracture toughness are covered later. 

Scanning electron microscopy of the fracture surface 

revealed for Electem, Thermodie, Hydie and Somdie steels 

cleavage with no evidence of either ductile by tearing or 

intergranular fracture. 

Lynch (63) considered that cleavage fracture usually 

occurred by tensile decohesion and, hence, proposed 

criteria for predicting cleavage which was based on the 

relative stresses required for slip and for decohesion 

at crack tips. 

Fracture can involve such extensive deformation that 

specimens neck down to edge, or so little deformation that 

specimens are brittle on an atomic scale. Between these 

two extremes there are many cases where fracture involves 

nucleation,growth and coalescence of voids ahead of cracks, 

so that fracture surfaces are dimpled, Plates 30, 31, 36, 

37 and 39. When deformation is extensive, dimples are 

quite large and deep and fractures are.macroscopically 

ductile, SIM, S1C, S1A. However, when deformation is 

=19 p=



highly localised at crack tips, dimples are very small 

and shallow and fractures are macroscopically brittle, 

examples S10, S2A, S2B and S3M. Therefore, formation 

of dimpled fracture surfaces (regardless of dimple size) 

involves intense dislocation activity around cracks. 

For brittle materials such as H2M, H30, S1C, S2C and S3C 

steels, however, it is generally assumed that the crack 

growth occurs by tensile separation of atoms, then, in 

this case, dislocations should not generally intersect 

crack tips, voids should not form ahead of crack tips. 

Therefore, fracture surfaces are generally flat on an 

atomic scale. 

Brittle cleavage was also observed in most of the die 

steel tested, which led to the conclusion that voids formed 

ahead of the cracks and that extensive slip intersected 

crack tip during cleavage. Small voids ahead of the crack 

tip could not be observed, but it is generally accepted 

that formation of dimpled fracture surface involved 

nucleation and growth of void ahead of cracks. 

The river pattern observed on cleavage fracture surfaces 

results from propagation of crack on more than one 

level. The river patterns can also be formed (32); 

1. After crack crosses a grabn boundary 

2. When the crack spreads from its nucleation site 

in the grain in which it was initiated 
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3. When a cleavage crack is restopped and restarted, 

large numbers of rivers are formed, as shown in 

Plates 3, 6, 9, 16-25, 28, 32, 33, 34 and 38. 

Steps are produced when the main and new crack join 

together by tearing of materials between the crack cut 

from the movement of dislocations. These steps tend to 

be perpendicular to the crack front, in order to 

minimise their energy (area) and hence are roughly 

parallel to the direction of crack propagation. These 

steps also are able to coalesce gliding along the crack 

front, especially those with the same sign, therefore 

multiple steps are formed, Plate 3. 

Scanning electron micrographs for four different types 

of die steel show that various fracture surfaces can 

be seen from the point of chevron down to the edge of the 

fracture surface. However, a concentrated area of 

manganese silicate inclusions surrounded with very fine 

dimples, which indicate that for microvoid to initiate and 

grow around the inclusion there must be a large amount of 

plastic strain resulting from loss of stress triaxiality. 

These considerations lead to a mechanism for slow crack 

growth based on that ductile crack propagation which 

occurs when a critical plastic strain is exceeded over a 

characteristic distance associated with the microstructure 

inclusion spacing, examples: Plates 2, 26, 30, 35, 36, 37 

and 39. 
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The formation of fine dimples in some areas of the 

fracture surface of test specimens lead to the sugg- 

estion that grain size plays an important role in the 

fracture properties of these alloys. 

Thompson and Zinkman (36) support the above suggestion, 

as shown in Fig. 10, page 27), that the coalescence of 

microvoid causes crack propagation. 

Macroscopic observation of the broken specimen was done 

also. Specimen $10, S1B, S2A, S30 and S3B showed a 

fibrous fracture characteristic of ductile materials. 

The macroscopic observation of a representative set of 

specimens are shown in Plate 34 and Plate 38, both reveal 

fibrous fracture surfaces reflecting possible banding in 

the microstructure, as shown in Plates 74 and 77. 

Fatigue fracture surfaces are clearly distinguished by 

their flatter appearance. 

9.2 Relation between Fracture Toughness and Microstructure 
of Electem, Thermodie, Hydie and Somdie Steels 
  

9.2.1 Toughness and Microstructure 

Engineering fracture mechanics describes fracture of a 

body in terms of critical stress intensity factor or 
iS critical 

fracture toughness. The body fails | when theTstress 

intensity is exceeded at the crack tip Cor 

McMahon and Cohen (58) have shown also that cleavage 

failure initiates when brittle grain boundary particles 
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of cementite fracture to provide incipient microcracks 

that can subsequently propagate catastrophically 

throughi:the steel. According to the above explanation 

there is assumed to be nuclei initiation when the brittle 

grain boundary cracked under the influence of dislocation 

pick-up or under plastically deforming matrix. The size 

of carbide particles - has considerable effect on 

fracture toughness aaop the. inclusion distribution. From 

the consideration of ductile fracture, as shown in Plates 

3, 7) 18), 1S, V4 264 275 36-39 that the inclusions play 

a predominant role in the ductile fracture process. The 

effect of inclusions on behaviour and cleavage resistance 

is not clearly decrned Therefore, fracture ductility 

can be determined to a large extent by a complex function 

involving inclusion spacing and volume fraction. 

Inclusion shape has a dominating influence on the fracture 

properties. However iftthin film of impurity elements 

is . formed the toughness may be severely reduced. It can 

be predicted also that the only microstructural parameter 

affecting the fracture and the stress distribution. 

Although tensile strength values of the fracture have been 

investigated in these die steels it is not proven here 

that cleavage fracture obeys a critical tensile criterion. 

From microstructure point of view the crack will always 

follow the easiest path and so local regions of the 

microstructure through which the crack passes may be 
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responsible for the overall behaviour of the material. 

The corrugated macroscopic appearance of the fracture 

surfaces however indicates that the relative distribu- 

tion of phases and their crystallographic orientation 

did play a role in the microscopic processes of 

ductile fracture. The macroscopic appearance of 

specimens shows much smoother fracture, although the 

layer of material still visible, parallel to the crack 

front. The most direct insight into the effect of 

microstructure can be gained if one compares Plates 

64, 65 and 66, specimens having the same orientation 

but different in fracture toughness value, such as 

143, 83 and 72 unin /2 respectively. However, there is 

a steep rise in fracture toughness value from central 

block to outside surface. This is because of different 

cooling rates along the block which reflect to give 

different microstructures. 

The microstructure of the die block exerts also a 

marked influence on the appearance of steps and river 

patterns formed in cleavage fracture. The fracture 

path follows the cleavage plane of the ferrite through 

several bainite colonies. Many small cleavage facets 

were noted in these die steels and may be related to 

bainite or martensite needle size. The variation of 

strength levels was found in these die steels, however 

at higher strength levels the fracture surface 

exhibited smaller river patterns and more irregular 

tearing than in the structures corresponding to the 

lower strength levels. 
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Plate 88 (1-4) shows the variation of fracture tough- 

ness with distance from top surface to the centre of 

the die blocks. 

Deformation appears much more difficult in most of 

these die steels ahead of crack tip. The onset of 

plasticity controlled slow crack growth is delayed and 

conditions of high tensile stress build up ahead of 

the crack leading to rapid failure. This is reflected 

in the load/crack mouth opening displacement curves, 

Figs. 37-39, which rather resemble those of a brittle 

material. 

In order (57) to incorporate micromechanisms of fracture 

toughness it is needed to look to the stress field 

characterising role of the stress intensity factor. 

Cracking of spheroidised carbides © is more difficult 

because dislocation in the ferrite matrix can cross 

slip around them more easily than for plate-like 

carbide, and the build-up of high stresses at pile-up. 

In the case of spheroidised carbides there is a smaller 

contact area with the matrix, therefore the tensile 

stress in the particles will be less than the lamellar 

carbide. The very fine carbides are very resistant to 

void formation and this accounts for the good ductility 

of this structure at high strength, Plates 2, 4, 7, 8, 

9, 12, 26, 30, 31, 35, 36, 37 and 39, also see Tables 

3 and 4 - Mechanical properties. 
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Systematic investigation, by Karl Heinzsche O) has 

shown that the effect of grain size on K,;, is compar- 

able to thar loading ratio k. Increasing inclusion 

concentration has probably the same effect as increas- 

ing particle dimension and the loading ratio. 

The hot working parameters such as temperature, strain 

and type of inclusion havea considerable effect on the 

way the inclusions deform.” into elongated stringers, 

break-up and disseminate through the steel (39) | This 

was emphasised in the present investigation of hot work 

die steel such as shown in Plates 2-77. 

The appreciation of the importance of inclusion 

plasticity and fracture has led to attempts to control 

the plasticity, particularly of sulphide inclusion 

shape control employing addition of zirconium, titanium, 

calcium or rare earth (60) 

The above discussion leads to the conclusion that 

processing variables during hot working are very 

effective in controlling inclusion plasticity for both 

sulphide and silicate. 

Finally, fracture toughness increases with increasing 

material purity, i.e. increasing inclusion distance. 
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As shown in plate (89), it was very difficult to 

distinguish the fatigue crack tip from the fast fracture 

area in Hydie and Somdie steels. The fracture surface 

characteristics, very close to the fatigue zone in these 

bend specimens, were identical to the fracture surfaces 

of Hydie and some of Somdie steels in short bar 

specimens (i.e. cleavage fracture surface). 

Plate (34a) shows the crack branch propagated by mixed 

modes of fine dimpled linked with the inclusion cavities 

and quasi-cleavage. 

Plate 36a shows crack path propagation through the 

ductile region with concentrated silicate inclusion at 

the crack tip. In this case the fracture occurs by the 

classical mechanism of microvoid coalescence involving 

the initiation, growth and coalescence of cavities 

formed at inclusion. 

It can be seen from plate (70a) that the crack path 

preferentially followed the bainite plates and linked 

with the inclusion cavities. 
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9.2.2 Toughness and Fractography 
  

The results that are presented in section 8 are for 

short rod/bar and three point bend test specimens of 

these die steels, variation of specimen position in 

the forged block, the cooling rate and subsequent 

heat treatments may well influence the fracture 

toughness. The rate of cooling for the whole block 

after heat treatments varies from outside to the 

centre of the die block. This can be related to the 

heat transfer through the solid body which is related 

to many factors. For this reason, microstructure 

studies have to be made for each set of specimens 

within the die block, = 

along the crack surface at the point (V) 

towards the edge of fracture surface. 

It is worth noting that the cooling rate for specimens 

taken from centre of the block has considerable effect 

on microstructure and fracture, as shown in Plates 

10, 12, 15, 23, 28, 35 and 38, with their microstructural 

appearance as shown in Plates 48, 51, 53, 61, 66, 71 and 

76. The fracture surface of these specimens shows 

cleavage brittle fracture or cleavage with ductile 

dimpled area and microstructure of tempered bainite and 

some stringer of sulphide silicate inclusion. Fracture 

toughness of these specimens are 71, 78, 54, 56, 70, 88, 
oS 

72 MN/m ye respectively. In view of these comments the 

oicrographs shown in Plates 40-78 can be used to relate 

the various fracture toughness values obtained with 

their relevant microstructure. 
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The microstructures in Somdie steel specimens are mostly 

bainite. These transformations may be induced by 

deformation or an applied stress strongly promoting 

the transformation not only by its thermodynamical 

effect but also by its dynamical effect, which introduces 

a sort of local stress concentration, and thus acts to 

produce more stable sites for preferential nucleation of 

bainite and banded along inclusion with some of martensite 

structure inbetween as shown in Plates 65366,,797!475 76 

In most of Hydie and Somdie steels appreciable amounts of 

martensite remain in the centre of the grain, 

occasionally there is ferrite outlining the grain 

boundaries but for the most part black colonies of onecm 

bainite outline the grains. The large light areas are 

martensite formed from austenite that remained when the 

region passed the M, temperature, Plates 3, 6, and 9. 

From the literature review, section 2.4, there are a 

number of compositional and structural factors that can 

influence the toughness of these materials, for example, 

Electem, Thermodie, Hydie and Somdie steels contain a 

considerable amount of sulphur which has an effect on 

toughness. Tables 6, 8 and 11 show that specimen 

position in the die block and the plasticity (P,) value 

have a strong influence on the fracture toughness as well 

as sulphide and silicate inclusions. 
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Details of examination of the fracture surfaces for all 

the specimens have been discussed in the first part of 

this section. 

The fractographic examination, does,in general 

provide confirmation of the toughness values obtained 

for the various specimens. For example, the fracture 

surface of specimen EC, Plate 15, which gave fairly 

low toughness values showed dimples associated with 

manganese silicate inclusions. This morphology is 

generally associated with fracture at relatively low 

loads with the inclusions providing ideal void initia- 

tion sites. On the other hand, for steel with low 

toughness values such as specimens H2M, H3C, H3A, SIC, 

S2€ and S3C, shown in Plates 17, 23, 28, 33 and 38, 

fracture occurred by cleavage. This type of fracture 

is typical of brittle material with low toughness. 

The fractographs showed that the crack extension process 

took place by the formation of very fine dimples (look like 

large stretch zones) at the crack tip, as shown in Plates 

2,4, 19, 26, 29, 35 and 39) 

The fracture surface for specimen AM, AC, BM, Hydie and 

some of Somdie steels, however indicated that fracture 

took place by cleavage associated with varying fracture 

toughness. 

The change in fracture mode could well have been caused 

by the cooling rate for these blocks. 
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9.3 Load/Crack Mouth Opening Displacement Record for 
Measuring Krcsp 

Figs. 36-39 show load versus crack mouth opening dis- 

placement test records generated, employing the test 

procedure previously described. 

From these curves one can quickly assess the order of 

magnitude loading ratio during the tests. For more 

brittle fracture,for example Figs. 37-8, 37-10, 37-13 

38-1 and 38-13, the "linear load. rise displacement" goes 

to failure whereas for more ductile failures, Figs. 

36-2 and 36-3, the load rise dheponcanentteo maximum 

load or instability. Two loading and unloading cycles 

have been done for evaluation taste tty (p), as shown 

in Fig. 36-2. 

Measurement of the fracture toughness has been made in 

principle when the crack is anywhere within the central 

region of the specimen by measuring the crack advancing 

load and the crack length by applying appropriate 

specimen calibration factor for the crack length. 

Particular fracture toughness has to be measured when 

the crack length is au i.e. when its location is that 

at which the peak load occurs in an L.E.F.M. test. In 

addition, the peak load occurs also even in a non-LEFM 

when the crack length is close to a., such that the rate 

of change of load with crack length is small at a = a.. 

In the case of crack jump material, as shown in Fig. 

37-Q - 5), load/crack mouth opening record, a crack jump 

rarely initiates exactly at (a.) and the toughness 
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measurements have been made at the first crack jump 

and at the maximum load. In addition, the fast moving 

crack arrest at lower load level after propagating a 

short distance when the load is again increased, little 

further crack growth takes place until the next sudden 

jump. The load-crack mouth opening record of these 

tests are shown in Figs. 36-1 and 2, 36-8-11 and 

37-6, 7, 9, 11, 12. Each time the crack begins a 

forward jump it can be assumed. that the stress intensity 

factor is at its critical value, Kicsp: 

Tinting method has been used for measuring crack length 

in 'H1'Hydie steel and incorporated in Table 9. 

Specimens H1 (0, C, A and B), the crack length after 

heat tinting is greater than the critical crack length. 

Heat tinting crack length ean in specimen H1M. Critical 

crack length in these specimens was calculated by using 

the following relationship. 

Cu osioae =) 
w-l. 5 

wis the width of the specimen. 

Fracture toughness of these steels was calculated as 

shown in Table 9. 

In the case of Thermodie steel, tests recorded at load/ 

crack mouth opening displacement, plasticity correction 

for these steels has been calculated as incorporated in 

data analysis section. 

-204-



the test (53) is considered invalid if |p|>0.2, inasmuch 

as the theory assumed relatively small value of the 

plasticity. 

It has been observed from the results that the fracture 

toughness varies with (p.). Barker (53) observed 
1 

experimentally that the factor (1+p/l-p)? can produce 

too large a value of Kicgp when p becomes large. 

1 

The difference between (1+p) and (1+p/l-p)* produces 

2.4% difference in calculated Kicsr ifeDy= Owe, ele 

difference if p < 0.2 and 9.8% difference if p > 0.2. 

9.4 Variation of Fracture Toughness Along Die Block 

Fracture toughness test results are plotted against 

distance from top surface of die block, as shown in 

Plate 88 (1-5). Plate 88-2 shows that the toughness is 

indeed sharply peaked at the mid-radius of the die 

block, 

Note the tough- 

; 378 
ness of DM specimen (208 MN/m We 

In the case of Somdie steel (short bar), fracture tough- 

ness decreased from top surface towards the centre of 

the block. 

Variation of microstructures along the die block give a 

good support for the effect of the cooling rate. 
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From the results of the three point bend, fracture 

toughness (Ky¢) behaves absolutely different. However 

S2 specimens at mid-radius of the die block show indeed 

high fracture toughness (Ky¢)- This can be explained 

that fracture toughness along the crack front, or that 

region of lowest toughness control the fracture tough- 

ness of this specimen. This leads to the conclusion 

that the fracture was initiated by region of low 

toughness specimen Sl, 57 Wie compared with short 

bar Somdie S20 and S3 with S2C Somdie short bar. 

9.5 Notch bending test (Kr¢) 

Test results are recorded by plotting autographically 

the applied force against the clip gauge displacement 

measured at the test piece surface across knife edge 

located on opposite sides of the notch, as shown in 

Fig. 35 and Plate 1. It was not necessary to 

construct the 5% secant line to determine the critcal 

load (PQ) because the load/crack opening displacement 

was sharply linear up to fracture. 

As can be seen from test records 39-@-6)and Table 12, 

very good correlation can be observed between 

fracture toughness calculated using short bar (Kr esp) 

and fracture toughness calculated using three point bend 

specimen (Kr¢)- One can notice the results oe test 

methods by comparing specimen SI (Ky, = 57 MN/m 2) and 
a 

Somdie steel short bar (S20, Kyggg = 148 MN/ /2)_ Both 
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tests have satisfied the conditions for the validity 

of the test, therefore the difference in results can 

be explained by different mechanical properties 

and different fracture toughness at various areas 

within the specimen. 

British Standard (9, 61) and ASTM (19) have set minimum 

specimen size limits and recommendations for deter- 

mining-test validity. One condition is the linearity 

which states that the deviation of the test record 

from tip OA at load 0.8 Pg is less than one fourth 

of the deviation from linearity of the test record 

at Pg» as shown in Fig. 19, page49 

For all the specimens (Hydie and Somdie steels) 

examined, the linearity on the load/clip gauge mouth 

opening displacement.was excellent, as shown in 

Fig. 39 (1-6). Sudden yielding did take place in 

these materials giving the appearance of LEFM behaviour. 

The fracture surface showed that fracture had taken 

place by predominantly cleavage, as shown in Plates 16-39. 

For valid K;, results no specimen dimensions should be 
K 

less than 2.5 (tS? These limits were based on 
ys 

results from tests on material Hydie and Somdie steels. 

As a result of many tests carried out, the general 

observation can be made that if the ratio Pmax/Pq 
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exceeds 1:1 the apparent K,;, value will not be a good 

approximation to the plane strain fracture toughness 

of the material, Kic- However, as stated above, each 

test must be considered separately and every variable 

should be taken into account. 

9.6 Stress Assisted Martensitic Formation 

The formation of martensite ahead of the crack tip 

and the crack path could be considered as a result 

of a depletion of carbon and alloy elements in the 

surrounding austenite and presumably causing a load 

elevation of M, and M, temperature of the alloys. 

The observation of plate-like martensite in the area 

immediately adjacent to the fracture path and ahead 

of the crack tip, suggested that formation of mart- 

ensite is stress-assisted, as described in section 1.2.1. 

Tamara (47) in nis recent work pointed out that the 

austenite is deformed at temperatures above Mg (example 

Tl in Fig. 29, page 81), the austenite starts to deform 

plastically at o, and is strain hardened up to o> and 

then martensitic transformation begins. 

According to the above explanation, in Somdie steel, the 

banded structures are frequently induced by deformation 

near or above Ma: 
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The result of this layer of martensitic structure beside 

the high fracture toughness, under working conditions, 

is a good resistance against abrasive wear. 
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FRACTOGRAPHS AND MICROGRAPHS ARE 

REPRESENTED BY A, B, C 

A. Top of Fracture Surface 

  

B. Centre of Fracture Surface 4 

C. Edge of Fracture Surface 

    

  

  

MICROSTRUCTURE 

A. Top Polished and Etched 
Fracture Surface. 

B. Center Polished and 
Etched Fracture Surface 

C. Edge Polished and 
Etched Fracture Surface 
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PLATE 40 Microstructure of H.W. die steel 
"Electem" AO 

- A. Top 

™ Optical micrograph 
consisting mainly 

sof tempered 
martensite 
(Ma . x844) 

B. Centre 

Optical micrograph 
showing tempered 
martensite, some 

- free ferrite (white) 
and silicate inclusion 
with some MnS ppt 
within it (mag. x844) 

C. Edge 

Optical micrograph 
showing tempered 
martensite, free 
ferrite and silicate 
inclusion 
(Mag. x844)   
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PLATE 2 Fracture surface of H.W. die steel 
"Electem" AO 

A. Top 

Scanning electron 
fractograph showing 
a typical macrovoid. 
The top left shows 
the stretch zone 
with very fine 
dimples 

B. Centre 

Scanning electron 
fractograph showing 
the microvoids around 
deformed silicate 
inclusion 

Go. “Edge 

Scanning electron 
fractograph showing 
voids linked crack 
with elongated sili- 
cate inclusion and 
solidification at 
fluid silicates.   
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PLATE 41 Microstructure of H.W. die steel 
"Electem'' AM 

showing silicate 
inclusion and 
tempered bainite 

' (Mag. x844) 

B. Centre 

Optical micrograph 
showing structure of 
tempered bainite and 
some tempered 
martensite 
(Mag. x844) 

moe C. Edge 

Optical micrograph 
showing carbide 
particles ina 
bainitic structure 

x and manganese 
silicate inclusions 
(Mag. x844)  



PLATE 3 Fracture surface of H.W. die steel 
"Electem" AM 

A. Top 

Scanning electron 
fractograph showing 
ductile fracture 
surface with 
silicate inclusion 
surrounded by very 
fine dimples 

B. Centre 

Scanning electron j} 
fractograph showing 
brittle fracture 
surface isolated 

C. Edge 

River pattern with 
isolated ductile 
region   
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PLATE 43 Microstructure of H.W. die steel 
"Electem" BO 

   
A. Top 

Optical micrograph 
3 showing tempered 

   * showing tempered 
, martensite (unhomo- 

i geneous microstructure) 
(Mag. xt663) 

BC. Edge 

Optical micrograph 
showing silicate 
inclusion and 

| tempered martensite 
(Mag. x 1688 
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PLATE 5 Fracture surface of H.W. die steel 
"Electem" BO 

A. Top 

Scanning electron 
fractographs 
showing micro and 
macrovoids in 
ductile fracture 

B. Centre 

Scanning electron 
fractographs showing 
fine voids with 
elongated silicate 
inclusions and some 
MnS inclusions 

C. Edge 

Scanning electron 
fractograph showing 
coarse and fine 
voids around the 
silicate inclusion   
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PLATE 44 Microstructure of H.W. die steel 
"Electem" BM 

        

A. 

       

   

    

Top 

Optical micrograph 
sey Showing deformed 

silicate inclusion 
BE (grey), tempered 
#bainite and some 

me ferrite 
Hy (Mag. x844) 

B. Centre 

Optical micrograph 
showing tempered 
bainite inclusions, 

R some tempered 
martensite and some 

mm free ferrite 
(Mag. x844) 

C. Edge 
Ri 

™ Optical micrograph 
showing tempered 

fbainite and some 
2 ferrite 

(Mag. x844) 
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PLATE 6 Fracture surface of H.W. die steel 
"Electem'' BM 

A. Top 

Scanning electron 
fractograph showing 
brittle fracture 
cleavage with crack 
path across the 
crystal 

B.. Centre 

Unhomogeneous fracture 
surface with discon- 
tinuous crack 

C. Edge 

Scanning electron 
fractograph showing 
brittle fracture 
cleavage   
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PLATE 45 Microstructure of H.W. die steel 
"Electem" BC         

  

    

  
   
  

Top 

Optical micrograph 
showing deformed 
inclusions, tempered 
bainite and free 

B. Centre 

Optical micrograph 
# showing mainly 
tempered bainite, 
some free: ferrite 

i (white areas) and 
* silicate inclusions 

(Mag. x844) 

tempered bainite and 
# some free ferrite 
\ (white areas) 

# (Mag. x844) 
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PLATE 7 Fracture surface of H.W. die steel 
"Electem™ BC 

  

   
     

  

    

A. Top 

Scanning electron 
fractograph showing 
the microvoids 
coalescence with 
some cleavage 

B. Centre 

cleavage facet 
surrounded with 
microvoid ductile 
area 

Ce. Edge 

Scanning electron 
fractograph showing 
the microvoid 
surrounding the 
inclusion with 
some cleavage area   -222-



PLATE 46 Microstructure of H.W. die steel 
PSomdie" CO 

    

    
   

     

   

  

   

     

    

A. Top 

Optical micrograph 
showing tempered 

@B. Centre 

si Optical micrograph 
showing tempered 
martensite with 

silicate inclusions 
wand MnS ppt within 

Lt 
(Mag. x844) 

C. Edge 

Optical micrograph 
showing tempered 

Gymartensite Z 
yore (Mag. x844) 
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PLATE 8 Fracture surface of H.W. die steel 
"Somdie" CO 

A. Top 

Scanning electron 
fractograph showing 
silicate and MnS 
inclusion 
surrounded by 
microvoid 

B. Centre 

Scanning electron 
fractograph of 
ductile fracture 
surface showing 
fine and coarse 
voids 

C.. Edge 

Scanning electron 
fractograph showing 
fine voids   
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PLATE 47 Microstructure of H.W. die steel 
"Somdie™ CM 

“A. Top 

bopitant micrograph 
B showing mainly 

e tempered bainite 
and some tempered 
martensite 
(Mag. x844) 

B. Centre 

Optical micrograph 
showing mainly 
tempered bainite and 
some tempered 
martensite with some 
free ferrite (white 
areas) 
(Mag. x844) 

G. Edge 

» Optical micrograph 
showing mainly 
tempered bainite 
with some tempered 
martensite 
(Mag. x844)   
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PLATE 9 Fracture surface of H.W. die steel 

"Somdie" CM 

A. Top 

Macro and microvoid 
and a river pattern 
on bottom half 

B. Centre 

Typical cleavage 
brittle fracture 

C. Edge 

Cleavage brittle 
fracture with 
some sulphide 
inclusions   
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PLATE 48 Microstructure of H.W. die steel 

PA. Top 

    
   
  

Optical micrograph 
§ showing mainly 
> tempered bainite 
with silicate 
inclusion (grey) 

® (Mag. x844) 

;B. Centre 

Optical micrograph 
s showing mainly 
tempered bainite 
with silicate 
inclusion 
(Mag. x844) 

C. Edge 

ore Optical micrograph 
showing mainly 
tempered bainite 
with silicate 
inclusion 
(Mag. x844) 
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PLATE 10 Fracture surface of H.W. die steel 
"Somdie" CC 

A. Top 

Scanning electron 
fractograph showing 
large silicate 
inclusions surroun- 
ded by microvoids 
also some MnS 
sulphide 

B. Centre 

Scanning electron 
fractograph showing 
typical cleavage 
brittle fracture 

Oa Edge 

Scanning electron 
fractograph showing 
the cleavage 
brittle fracture   

-228-



PLATE 49 Microstructure of H.W. die steel 
"Somdie" DO 

BA. Top 

Optical micrograph 
showing tempered 
martensite and 
silicate inclusion 
(grey) 
(Mag. X1260) 

  

Be Centre 

   

  

    

y, Optical micrograph 
showing fine 
tempered martensite 
structure with alined 
silicate inclusion 
(Mag. x1260) 

ye showing tempered 
je martensite    
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PLATE 11 Fracture surface of H.W. die steel 
"Somdie" DO 

A. Top 

Scanning electron 
fractograph showing 
large voids 
surrounded with 
fine voids and some 
micro-cracks 

CG. Edge 

Scanning electron 
fractograph showing 
the coarse and fine 
voids   
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PLATE 50 Microstructure of H.W. Die steel 
"Somdie' DM 

SA. Top 

3 Optical micrograph 
showing very fine 
tempered martensite 
and some bainite 
(dark) and free 
ferrite (white areas) 
(Mag. x540) 

=; B. Centre 

Optical micrograph 
showing tempered 
martensite and 
bainite 

  

C. Edge 

Optical micrograph 
showing tempered 
bainite, some 
tempered martensite 
and some free ferrite 
(white areas) 
(Mag. x540) i 
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PLATE 12 Fracture surface of H.W. die steel 
"Somdie" DM 

A. Top 

General appearance 
of voids in 
ductile fracture 
surface    
B. Centre 

Ductile fracture 
surface with 
discontinuous 
micro-cracks 
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PLATE 51 Microstructure of H.W. die steel 
"Somdie" DC 

    

A. Top 

ey, Optical micrograph 
showing deformed 
silicate inclusion 
with MnS ppt within 
it, tempered bainite 
and some free 
ferrite 
(Mag. x844) 

2 B. Centre 

Optical micrograph 
showing silicate 
inclusion with 
tempered bainite in 
ferrite matrix 
(Mag. x844) 

C. Edge 

Optical micrograph 
+ showing veritcal 
silicate inclusion 
with tempered 

vw bainite 
me (Mag. x844) 
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PLATE 13 Fracture surface of H.W. die steel 
"Somdie" DC 

A. Top 

Scanning electron 
fractograph showing 
typical cleavage 
brittle fracture 

B. (Centre 

Macro and microvoids 
on the right side of 
the photograph, river qa" 
pattern and the ’ 
stretch zone on the 
top left 

C. Edge 

Scanning electron 
fractograph showing 
typical cleavage 
brittle fracture   
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PLATE 52 Microstructure of H.W. die steel 
"Thermodie" EO 

         
   

SA. Top 

, Optical micrograph 
showing tempered 
martensite 

» (Mag. x540) 

“i B. Centre 

Optical micrograph 
showing tempered 
bainite with 
tempered martensite 
(Mag. x844) 

C. Edge 

Optical micrograph 
showing carbide 
particle in a bainite 
structure and silicate 
inclusion 
(Mag. x844) 
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PLATE 14 Fracture surface of H.W. die steel 
"Thermodie" EO 

A. Top 

Scanning electron 
fractograph showing 
typical ductile 
fracture surface 
with dimples 

B. Centre 

Scanning electron 
fractograph showing 
macro and microvoids 
with silicate 
inclusion 

C. Edge 

Scanning electron 
fractograph showing 
microvoids with 
elongated silicate 
inclusion in the 
worked direction   cree 
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PLATE 53 Microstructure of H.W. die steel 

A. Top 

  

* Optical micrograph 
“4 showing tempered 

bainite (dark 

4Mmatrix of ferrite 
(white constituent) 
(Mag. x844) 

B. Centre 

Optical micrograph 
* showing mainly 
tempered bainite 
and free ferrite 
(Mag. x844) 

G2) Edge 

Optical micrograph 
showing mainly 
tempered bainite and 
some free ferrite 
(Mag. x844) 
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PLATE 15 Fracture surface of H.W. die steel 
"Thermodie" EC 

  

    165, they) 

Scanning electron 
fractograph showin 
quasi fracture 
surface with 
silicate inclusions 

B. Centre 

Scanning electron 
fractograph showing 
ductile fracture 
surface and cracks 
at the top right 
of the photograph 

Cc. Edge 

Scanning electron 
fractograph showing 
discontinuous r 
cleavage surrounded 
by fine dimple 
structure   -238-



PLATE 54 Microstructure of “Hydie" steel H20 

4 A, Lop 

Optical micrograph 
showing mainly 

particles in a 
bainitic structure 

the different grain 
ume (Mag. x16.8) 

PIC. Edge 
e 

Same microstructure 
gas A and B but small 

Mm orain size 
4 (Mag. x16B8)   
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PLATE 16 Fracture surface of "Hydie" steel H20 

A. Top 

     
   
  

Scanning electron 
fractograph showing 
cleavage facets 
Mfully brittic! 

B. Centre 

Scanning electron 
fractograph showing 
brittle fracture 
surface 

C. Edge 

Scanning electron 
fractograph showing 
fully brittle 
fracture surface 
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PLATE 55 Microstructure of "Hydie" steel H2M 

showing structure 
y; mainly consisting 

of carbide particles 
Sand silicate inclusions 

(dark grey) 
(Mag. x¢689 

  

*B. Centre    

  

   

   

  

   

See Optical micrograph 
Rf showing silicate 

+ ag }inclusion with 
1 eg carbide particles 
aw in a bainitic 

ee structure 
hes (Mag. x1688) 

C. Edge 

Optical electron 
micrograph showing 
carbide particles 
in a bainitic 
structure which is 

Barranged in the 
m different grain 

(Mag. x16@0) : 
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PLATE 17 Fracture surface of "Hydie" steel H2M 

A. Top 

Scanning electron 
fractograph showing 
the river pattern 
in a fully brittle 
fracture surface 

B. Centre 

Scanning electron 
fractograph showing 
crack path within 
the crystal in 
cleavage brittle 
fracture surface 

ee Hage 

Scanning electron 
fractograph showing 
cleavage brittle 
fracture surface & 

%   
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PLATE 56 Microstructure of "Hydie' steel H2C 

A. Top 

   

    

Optical micrograph 
® showing silicate 

inclusion with 
carbide particles 

; in a bainitic 
4 structure 

| (Mag. x1689) 

B. Centre 

¢ Optical micrograph 
showing carbide 
particles in a 
bainitic structure 

f which is arranged 
in the different 
grain 
(Mag. x1688): 

C. Edge 

Optical electron 
micrograph showing 
carbide particles 
in a bainitic 
structure which is 
arranged in the 
different grain, 

sj carbide particles 
are considerably 

e coarser: 

(Mag. x 1688)   -243-



PLATE 18 Fracture surface of "Hydie" steel H2C 

A. Top 

Scanning electron 
fractograph showing 
typical brittle 
fracture cleavage, 
a large cleavage 
facet at the top of 
the photograph 

Be) Centre 

Brittle fracture 
surface area 
surrounded by 
fine dimples 

C. Edge 

Scanning electron 
fractograph showing 
the crack path 
within crystal in 
brittle fracture 
cleavage   
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PLATE 57 Microstructure of "Hydie" steel H2A 

av Ae Top 

Optical micrograph 
Coe Showing large 

carbide particles 
» in a bainitic 

s structure which is 
arranged in the 
different grain 
(Mag. xf688) 

eB. ‘Centre 

* Optical micrograph 
showing a bainitic 

, carbide particle 
may (Mag. x1688) 

BC. Edge 

Optical micrograph 
showing carbide 
particles in a 
bainitic structure 
which is arranged 

7 in ‘the different 
grain 
(Mag. x1689   
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PLATE 19 Fracture surface of "Hydie" steel H2A 

A. Top 

Scanning electron 
fractograph showing 
large and small 
voids. Top left 
and right show 
river pattern 

B. Centre 

Scanning electron 
fractograph showing 
brittle fracture 
cleavage 

C. . Edge 

Scanning electron §f 
fractograph showing 
brittle fracture 
cleavage   
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PLATE 58 Microstructure of "Hydie" steel H2B 

JA. Top 

Optical micrograph 
showing silicate 
inclusion with 
carbide particles 
in a bainitic 

me, structure 
s (Mag. xi688) 

B. Centre 

Optical micrograph 
showing carbide 
particles arranged 
in the different 
grain 
(Mag. x1688) 

= 

C. Edge 

Same as B. (Mag. x1688)   
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PLATE 20 Fracture surface of "Hydie" steel H2B 

wah q 
ay E 

A. Top 

Scanning electron 
fractograph showing 
large void, steps 
and river pattern 

Be Centre 

Brittle fracture 
cleavage 

C. Edge 

Scanning electron 
fractographs showin 
brittle fracture 
cleavage   
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PLATE 59 Microstructure of "Hydie" steel H30 

ZA. Top 

particles arranged 
Sin the different 
grain 
(Mag. x540) 

  

B.. ‘Centre    
   

  

Optical micrograph 
& showing fine 

carbide particles 
at the top of the 
photograph, the 

% bottom half consists 
+ of large size 
carbide particles 
(Mag. x 540) 

C. Edge 

Optical micrograph 
* showing carbide 
particles arranged 
in a bainitic 
structure. The 
direction is 
different with different 
grain 

' (Mag. x540) 
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PLATE 21 Fracture surface of "Hydie" steel H30 

A. Top 

      
Scanning electron 
fractograph showing 
cleavage fracture 
appearance at the 
point of chevron 

B. Centre 

Scanning electron 
fractograph showing 
cleavage fracture 
facet 

Cc. Edge 

Cleavage fracture 
appearance with 
microvoids 
nucleated at the 
river pattern 
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PLATE 60 Microstructure of "Hydie' steel H3M 

Top 

    

    

   
   
   

  

   

‘Optical micrograph 
s showing coarse 

carbide particles 
y arranged in a 
bainitic structure 

4 in the different 
grain 

<3 (Mag. xie6ga) 

Centre 

Optical micrograph 
showing carbide 
particles ina 
bainitic structure 
and silicate inclu- 
sions 
(Mag. x1689) 

C. Edge 

; Optical micrograph 
; showing carbide 
particle in 
ferrite matrix and 
silicate inclusions 

. (Mag. x1688) 
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PLATE 22 Fracture surface of "Hydie' steel H3M 

A. Top 

Full brittle 
fracture 
cleavage with the 
river pattern and 
step formation 

B. ‘Centre 

Scanning electron 
fractograph showing 
cleavage facet 
and the crack path 
within the crystal 
(continuous 
cleavage) 

Cc. Edge 

Brittle fracture 
cleavage with 
microvoid nuclea- 
tion at the river 
pattern   
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PLATE 61 Microstructure of surface of "Hydie" 
5 steel H3C 

A. Top 

Optical micrograph 
showing tempered 
bainite 
(Mag. x540) 

>B. Centre 

Optical micrograph 
showing silicate 
inclusion with 
carbide particle 
in a bainitic 
structure 
(Mag. x540) 

C. Bdge 

Optical micrograph 
» showing carbide 
particle in a 
matrix of ferrite 
(Mag. x540)   
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PLATE 23 Fracture surface of "Hydie" steel H3C 

A. Top 

Scanning electron 
fractograph showing 
brittle fracture 
cleavage 

B. Centre 

Scanning electron 
fractograph showing 
brittle fracture 
cleavage 

C. Edge 

Scanning electron 
fractograph showing & 
brittle fracture 
cleavage   
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PLATE 62 Microstructure of "Hydie" steel H3A 

  
=255= 

HA. Top 

Optical micrograph 
showing deformed 
silicate inclusions 
with concentrated 
fine carbide 
particles in a 
bainitic structure 
and the right half 
is coarse carbide 
particles 
(Mag. x540) 

B. Centre 

Optical micrograph 
showing silicate 
inclusions in the 
vertical direction 
with carbide 
particles in a 
bainitic structure 
arranged in the 
different direction 
(Mag. x540) 

Rac. Edge 

Optical micrograph 
showing inclusions in 
a vertical direction 
with carbide 

) particles in a 
- bainitic structure 

(Mag. x540)



PLATE 24 Fracture surface of "Hydie" steel H3A 

A. Top 

Scanning electron 
fractograph showing 
brittle fracture 
cleavage 

B. Centre 

Microvoids with 
globular 
inclusions 
surrounding the 
crack path 
within the 
crystal 

C. Edge 

Brittle fracture 
surface with 
microvoids linked 
together at 
river pattern of 
discontinuous 
cleavage   
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PLATE 63 Microstructure of "Hydie" steel H3B 

A. Top 

Optical micrograph 
showing inclusions 
with carbide 
particles arranged 
in the different 
direction 
(Mag. x540) 

  

1B. Centre 

Optical micrograph 
showing carbide 

Mm particles in a 
~ bainitic structure 

+ (Mag. x540) 
CoA: 

C. Edge 

Optical micrograph 
showing carbide 
particles ina 
ferrite matrix and 
silicate inclusion 
with MnS ppt within 
it 
(Mag. x540)   <257-



PLATE 25 Fracture surface of "Hydie" steel H3B 

    
   

  

   

   

  

     
    

    

A. Top 

Scanning electron 
fractograph showing 
brittle fracture 
cleavage with 
river pattern 

B. Centre 

Scanning electron 
fractograph showing 
typical brittle 
fracture cleavage 
and discontinuous 
cleavage in some of 
the grains 

    

C. Edge 

Fine dimples and 
discontinuous 
cleavage 
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PLATE 64 Microstructure of H.W. die steel, Somdie S10 

    -259- 
micrograph showing 
tempered bainite 
(dark) and upper 
bainite (grey) 

& = Centre 

Optical micrograph 
showing tempered 
bainite and tempered 
martensite 
Mag. x540 

C - Bdge 

Optical micrograph 
showing tempered 
bainite and tempered 
martensite 
Mag. x540



PLATE 26 Fracture surface of H.W. die steel 
Somdie S10 

A - Top 

Scanning electron 
micrograph showing 
deformed silicate 
inclusion 
surrounded by very 
fine dimples 
(ductile fracture 
surface) 

  

B - Centre 

Scanning electron 
micrograph showing 
deformed inclusion 
surrounded by very 
fine dimples 

  

G = Edge 

Scanning electron 
micrograph showing 
inclusion within 
microvoid (ductile % 
fracture surface)   -260-



PLATE 65 Microstructure of H.W. die steel, Somdie S1M 
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A - Top 

Optical electron 
micrograph showing 
fine carbide within 
bainite plate (dark) 
banded along 
silicate inclusion 
Mag. x540 

B = Centre 

Optical electron 
micrograph showing 
carbides within 
bainite plate and 
tempered martensite 
banded along silicate 
inclusion 
Mag. x540 

C - Edge 

Optical electron 
micrograph showing 
fine carbide within 
bainite plate (dark 
area) 
Mag. x540



PLATE 27 Fracture surface of H.W. die steel 
Somdie S1M 

Ae Lop 

Scanning electron 
micrograph showing 
ductile fracture 
surface with macro 

and microvoids 

B = Centre 

Scanning electron 
micrograph showing 
quasi fracture 
surface crack path 
at left photograph 

C - Edge 

Scanning electron 
micrograph showing 4 
ductile fracture   
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PLATE 66 Microstructure of H.W. die steel, Somdie S1C 
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A = Top 

Optical electron 
micrograph showing 
very fine carbide 
within bainite plate 
and tempered 
martensite 
Mag. x540 

B - Centre 

Optical electron 
micrograph showing 
fine carbide within 
bainite plate (dark) 
banded along silicat 
inclusion 
upper bainite (grey) 
Mag. x540 

@ = Edge 

Optical electron 
micrograph showing 
carbide within 
bainite plates 
banded along 
inclusion 
Mag. x540



PLATE 28 Fracture surface of H.W. die steel 
Somdie S1C 

  

   
   
   

  

   

A - Top 

Scanning electron 
micrograph showing 
cleavage facet wit 
some very fine 
dimples 

B - Centre 

Scanning electron 
micrograph showing 
river pattern in 
cleavage brittle 
fracture 

  

    
  

C - Edge 

Scanning electron 
micrograph showing 
quasi fracture 
surface 
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PLATE 67 Microstructure of H.W. die steel, Somdie S1A 
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A - Top 

Optical electron 
micrograph showing 
tempered martensite 
and some tempered 
bainite 
Mag. x540 

B = Centre 

Optical electron 
micrograph showing 
fine carbide particle 
within bainite plate 
and some of tempered 
martensite. (see 
inclusion cavity, 
bottom left) 
Mag. x540 

C - Edge 

Optical electron 
micrograph showing 
fine carbide particle 
within bainite plate 
Mag. x540



PLATE 29 Fracture surface of H.W. die steel 
Somdie S1A 

A - Top 

    

  

   

  

   
  

Scanning electron 
micrograph showing © 
macro and microvoid®. 
within ductile 
fracture surface 

B = Centre 

Scanning electron 
micrograph showing #» 
inclusion cavity <& 
(at left photo- 4 
graph) surrounded 
by brittle fracture 
surface 

C = Edge 

Scanning electron 
micrograph showing 
deformed inclusion * 
parallel to 
fracture surface 
surrounded by 
dimple structure 
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PLATE 68 Microstructure of H.W. die steel, Somdie S1B 

  
=267= 

Optical electron 
micrograph showing 
tempered martensite 
and some of tempered 
bainite 
Mag. x540 

B - Centre 

Optical electron 
micrograph showing 
tempered martensite 
and elongated 
silicate inclusions 
Mag. x540 

C - Edge 

Optical electron 
micrograph showing 
fine tempered 
martensite and 
silicate inclusions 
Mag. x540



PLATE 30 Fracture surface of H.W. die steel 
Somdie S1B 

A - Top 

Scanning electron 
micrograph showing 
microvoid and 
silicate inclusions 
at the chevron 
point 

B - Centre 

Scanning electron 
micrograph showing 
silicate inclusions } 
surrounded by fine 
dimples 

    
€ - Edge 

Scanning electron 
micrograph showing 
cracked silicate 
inclusions 
surrounded by 
dimples, left side 
photograph showing 
stretch area   -268-



PLATE 69 Microstructure of H.W. die steel, Somdie S20 
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A - Top 

Optical electron 
micrograph showing 
mainly tempered 
martensite and some 
bainite structure 
Mag. x540 

B = Centre 

Optical electron 
micrograph showing 
mainly tempered 
martensite, tempered 
bainite and some 
free: ferrite 
Mag, X54o0 

C - Edge 

Optical electron 
micrograph showing 
tempered martensite 
and tempered 
bainite 
Mag. x540



PLATE 31 : Fracture Surface of H.W. Die Steel, Somdie S20 

A - Top 

Scanning electron 
micrograph showing 
cracked silicate 
inclusion surrounded 
by fine voids. 

B- Centre 

Scanning electron 
micrograph showing 
cracked silicate 
inclusion surrounded 
by macro and micro 
voids. 

C - Edge 

Scanning electron 
micrograph showing 
cracked inclusions 
surrounded by fine 
voids, crack path at 
the grain boundary.   
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PLATE 70 Microstructure of H.W. die steel, Somdie S2M 
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A - Top 

Optical electron 
micrograph showing 
fine carbide 
particle within 
bainite plate 
Mag. x540 

B = Centre 

Optical electron 
micrograph showing 
carbide particles 
within bainite plate 
Mag. x540 

C - Edge 

Optical electron 
micrograph showing 
fine carbide 
particles within 
bainite plate 
Mag. x540



PLATE 32 Fracture surface of H.W. die steel 
Somdie S2M 

A - Top 

Scanning electron 
micrograph showing 
large voids with 
cracked inclusions 
at the interior 
void surface 
surrounded by 
cleavage fracture 
surface 

B = Centre 

Scanning electron 
micrograph showing 
cleavage fracture 
surface 

C - Edge 

Scanning electron 
micrograph showing 
brittle fracture 
surface, with 
some fine dimples 
structures in 
same area  



  
PLATE 70a Crack path in short bar specimen 

S2M Somdie steel 
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PLATE 71 Microstructure of H.W. die steel, Somdie S2C 

A - Top 

Optical electron 
micrograph showing 
carbide particles 
within bainite 
plate 
Mag. x540 

B - Centre 

Optical electron 
micrograph showing 
carbide particle 
within bainite 
plate and within 
upper bainite 
(light grey) 
Mag. x540 

C - Edge 

Optical electron 
micrograph showing 
fine carbide 
within bainite 
plate and fine 
carbide particle 
randomly distributed 
within upper 
bainite 
Mag. x540   
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PLATE 33 : Fracture Surface of H.W. Die Steel, Somdie S2C 

A - Top 

Scanning electron 
micrograph showing 
cleavage area and 
fine dimple sides at 
the crack path. 

B - Centre 

Scanning electron 
micrograph showing 
crack path surrounded 
by brittle fracture 
surface and fine 
dimples at the right 
edge of the crack. 

C - Edge 

Scanning elelctron 
micrograph showing 
cleavage fracture 
surface at left side 
photograph and dimples  



PLATE 72 Microstructure of H.W. die steel, Somdie S2A 
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A = Top 

Optical electron 
micrograph showing 
fine carbide 
within bainite 
plate and upper 
bainite (light 
grey) 
Mag. x540 

B = Centre 

Optical electron 
micrograph showing 
fine carbide 
particles within 
bainite plate 
Mag. x540 

C - Edge 

Optical electron 
micrograph showing 
tempered martensite 
and some of 
tempered bainite 
Mag. x540



PLATE 34 Fracture surface of H.W. die steel 
Somdie S2A 

A = Top 

Scanning electron 
micrograph showing 
brittle fracture 
surface with 
river pattern at 
top right 
photograph 

B = Centre 

Scanning electron 
micrograph showing 
brittle fracture 
surface and dimple 
structure at 
right side 
photograph 

G = Bdge 

Scanning electron 
micrograph showing 
brittle fracture 
surface at left 
side photograph 
and deformed 
inclusion surrounded 
by dimples structure 
at right side 
photograph 
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PLATE 34a 

Crack path of short 
bar specimen S24 
Somdie steel 
(Notice the variety 
in fracture surface) 
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PLATE 73 Microstructure of H.W. die steel, Somdie S2B 

A - Top 

Optical electron 
micrograph showing 
tempered martensite 
and manganese 
sulphide ppt. within 
silicate inclusion 
Mag. x540 

B - Centre 

Optical electron 
micrograph showing 
tempered martensite 
and silicate 
inclusion lying at 
the tip of the fine 
crack (top left) 
Mag. x540 

C= Edge 

Optical electron 
micrograph showing 
silicate inclusion 
perpendicular to 
the fracture 
surface 
Mag. x540   
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PLATE 35 Fracture surface of H.W. die steel 
Somdie S2B 

A - Top 

Scanning electron 
micrograph showing 
typical ductile 
dimple structures 

B -. Centre 

Scanning electron 
micrograph showing 
stringer silicate 
inclusions 
surrounded by fine 
voids with 
inclusion inside 

C - Edge 

Scanning electron 
micrograph showing 
inclusion cavities 
surrounded by very 
fine voids stretch 
area top left and > 
right side photograph   
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PLATE 74 Microstructure of H.W. die steel, Somdie S30 

A - Top 

Optical electron 
micrograph showing 
tempered martensite 
and tempered 
bainite. (see 
crack path linked 
with the inclusion 
cavity) 
Mag. x540 

B - Centre 

Optical electron 
micrograph showing 
tempered martensite 
and tempered 
bainite (see 
inclusion cavity) 
Mag. x540 

CG = Edge 

Optical electron 
micrograph showing 
tempered martensite 
and tempered 
bainite 
Mag. x540   
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PLATE 36 Fracture surface of H.W. die steel 
Somdie S30 

A = Top 

Scanning electron 
micrograph showing 
deformed inclusion 
surrounded by 
dimples structure 

B = Centre 

Scanning electron 
micrograph showing 
dimple structure at 
right side of 
photograph, deformed 
silicate inclusion 
surrounded by very 
fine dimples (right 
side photograph) 
(Notice the crack 

path) 

C - Edge 

Scanning electron 
micrograph showing 
macro and microvoids 
with inclusion 
inside void   
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PLATE 36& 

Crack path start at 
chevron point down 
to the centre of the 
fracture surface. 
Notice the ceelescence 
of cavities formed at 
inclusion 

S30 SPECIMEN.



PLATE 75 Microstructure of H.W. die steel, Somdie S3M 
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A - Top 

Optical electron 
micrograph showing 
fine carbide 
particles within 
bainite plate 
Mag. x540 

B = Centre 

Optical electron 
micrograph showing 
fine carbide 
particles within 
bainite plate 
Mag. x540 

C = Edge 

Optical electron 
micrograph showing 
fine carbide 
particles within 
bainite plate 
Mag. x540



PLATE 37 Fracture surface of H.W. 
Somdie S3M 

A - Top 

Scanning electron 
micrograph showing 
high inclusion 
densities 
surrounded by fine 
dimples at chevron 
point 

5 = Centre 

Scanning electron 
micrograph showing 
cracked silicate 
inclusion 
surrounded by 
dimples and 
brittle fracture 
surface 
(small area) 

C - Edge 

Scanning electron 
micrograph showing 
large inclusion 
cavity surrounded 
by inclusion within 
dimple structure 

202M 
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PLATE 76 Microstructure of H.W. die steel, Somdie S3C 
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A = Top 

Optical electron 
micrograph showing 
mainly fine 
carbide particles 
within bainite 
plate 
Mag. x540 

B - Centre 

Optical electron 
micrograph showing 
fine carbide 
particles within 
bainite plate, 
(see the bainite 
plate banded along 
inclusion) 
Mag. x540 

C - Edge 

Optical electron 
micrograph showing 
fine carbide 
particles within 
bainite plate 
Mag. x540



PLATE 38 Fracture surface of H.W. die steel 
Somdie §$3C 

A - Top 

Scanning electron 
micrograph showing 
cleavage fracture 
surface 

  

B - Centre 

Scanning electron 
micrograph showing 
cleavage fracture 
surface and 
dimples structure 
at right side photo 
graph 

C - Edge 

Scanning electron 
micrograph showing 
brittle fracture 
surface, steps 
and dimples at 
right side 
photograph   -287-



PLATE 77 Microstructure of H.W. die steel, Somdie S3B 

A - Top 

Optical electron 
micrograph showing 
tempered martensite 
and some of 
tempered bainite 
Mag. x540 

B - Centre 

Optical electron 
micrograph showing 
tempered martensite 
and some of 
tempered bainite 
Mag. x540 

C - Edge 

Optical electron 
micrograph showing 
tempered martensite 
and some of 
tempered bainite 
Mag. x540   
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PLATE 39 Fracture surface of H.W. die steel 
Somdie S3B 

A - Top 

Scanning electron 
micrograph showing 
cracked silicate 
inclusion surrounded 
by dimples 
structure 

B = Centre 

Scanning electron 
micrograph showing 
silicate inclusion 
surrounded by dimples 
structure and very 
fine dimples at top 
left photograph 
(stretch zone) 

€ = Bdge 

Scanning electron 
micrograph showing 
cracked silicate 
inclusion 
surrounded by dimples 
structure   
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Plate 78 

Scanning electron 
micrograph showing 
cleavage fracture 
surface near 
fatigue zone. 
(Three point bend 
specimen HO) 

Plate 79 

Scanning electron 
micrograph showing 
cleavage fracture 
surface near 
fatigue zone. 
(Three point bend 
specimen HM) 

Plate 80 

Scanning electron 
micrograph showing 
cleavage fracture 
surface near 
fatigue zone. 
(Three point bend 
specimen HC)  



Plate 81 

Scanning electron 
micrograph showing 
cleavage fracture 
surface near 
fatigue zone. 
(Three point bend 
specimen S1) 

Plate 82 

Scanning electron 
micrograph showing 
cleavage fracture 
surface near 
fatigue zone 
(Three point bend 
specimen S2) 

Plate 83 

Scanning electron 
micrograph showing 
cleavage fracture 
surface near 
fatigue zone. 
(Three point bend 
specimen S3) 
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SOB S38 

PLATE 87 General appearance of short bar 
fracture toughness test specimen 
Somdie 
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PLATE 88-1 

Variation of fracture toughness of H.W. 

die steel Electem with the distance 

from the top surface of the block 
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PLATE 88-2 

Variation of fracture toughness..of H.W. 

die steel Somdie (short rod) with the 

distance from the top surface of the block 
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PLATE 88-3 

Variation of fracture toughness of H.W. 

die steel Thermodie with the distance 

from the top surface of the block 
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PLATE 88-4 

Variation of fracture toughness of H.W. 

die steel Hydie (short bar) with the 

distance from the top surface of the block 
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PLATE 88-5 

Variation of fracture toughness of H.W. 
die steel Somdie (short bar) with the 
distance from the top surface of the block
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s 2 

Plate 84: General Appearance of Three Point Bend Specimens 

A. Hydie Steels 

B. Somdie Steels 
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10. CONCLUSIONS 

From the results the following conclusions have been 

drawn. 

1. The fracture toughness was found to be influenced 
and 

by the sizeTdistribution of the carbides and 

inclusions within the microstructure; with 

fracture toughness increasing with increase in 

particle distribution. 

2. The die block specimens used showed peak toughness 

at different regions indicative of the variation 

in their microstructure. Suggestion is therefore 

made that each specimen be considered separately. 

3. Excellent agreement was obtained between the short 

rod/bar fracture toughness test results (Kr egp) 

and three point bend test result (Kyo) + Therefore 

fracture toughness of H.W. die steel can be 

determined using short rod/bar specimen. 

4. The analysis of notch bend tests with the evidence 

from fractographic examination near the fatigue 

zone reveal partial dimple ductile failure mechanism. 

5. From the analysis it was found that the factor 

1 
((1+P)/(1-P))? can produce too large a value for 

Kicsr when plasticity (P) > 0.18. 

However in the case of crack jump behaviour (P) 

is assumed equal to zero. 
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The load/crack opening displacement curves for the 

three point bend tests show distinct pop-in 

behaviour. Therefore it was not necessary to 

construct the 5% secant line to determine the 

critical load (P Q: 
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