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SYNOPSIS.

The literature dealing with the practical use of fracture mechanics
in the better understanding of crack propagation characteristics of
industrially used steel products, with particular reference to hot work

die steels, has been reviewed.

The effect of forging reduction and heat treatment on the fracture
toughness of B.S.S. 224 No. 5. nickel-chromium-molybdenum hot work die

steel has been determined in the ambient to 500°C. temperature range.

Arising from these tests the expected rise in fracture toughness from
ambient temperature to 100°c. occurs, which is maintained up to 30000;
thereafter a decay takes place and the fracture toughness at 500°C. is
nearly identical to that at room temperature. Temper embrittlement and
the possibility of dynamic strain ageing appear to contribute to the

loss of elevated temperature toughness.

Stereoscan fractrographic analysis showed little variation between maximum
and reduced toughness when examined at relatively low magnifications.
However, at high resolutions it was observed that a cleavage pattern was
present with maximum toughness, whilst a dimple structure surprisingly was

associated with falling toughness.

Upset forging appears to offer superior fracture toughness and mechanical
properties compared to direct forged die block material. Increasing
forging reduction did not affect properties measured in the longitudinal

direction : transverse properties were impaired by heavier amounts of

forging.



Drop forge Works trials of No. 5. die steel inserts, used in
conjunction with a 4-ton counter—blow hammer, manufacturing
crankshafts, were assessed for die production life. The insert
which produced the largest number of drop forgings also possessed

superior fracture toughness at room temperatures.

It was unfortunate that in assessing toughness, validity criteria

were not met. However, comparison between inserts was still possible.

A possible practical and economic consideration has arisen from these
results in that the drop-forger, by selecting a die block pre-heating
temperature of 100°C. (this being the temperature at which maximum
crack resistance occurs), and then by the judicious application of
coolant to ensure that the die block temperature does not exceed 300°C.

a more consistent and improved die life may result.

The use of fracture toughness data to predict the most suitable
operating temperature conditions has demonstrated the limitations of
using conventional notch toughness assessment, which should now be

replaced by substituting crack propagation testing techniques.

Additionally, any die steel development should take cognizance of the
fracture toughness parameter which should be included in any property

assessment requirement for hot work die steels.
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GLOSSARY AND SYMBOL DEFINITION.

Plane Stress.

Plane Strain.

Stress Intensity Factor.

Plane Strain Critical

Stress Intensity Factor, K

Plane Stress Critical
Stress Intensity Factor, K .
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1c®

a provisional value of K

a condition of loading in that all
stresses acting at the crack tip
are in one plane.

a condition of loading in that all
deformation strains acting at the
crack tip are in one plane.

the value which determines how
much a stress intensifies at a
sharp crack tip.

the particular value of the critical
stress intensity factor where loading
is under plane strain conditions.

the value of critical stress
intensity factor where loading is
under plane stress conditions.

crack length.

test piece thickness.
test piece width.
applied force.
particular value of P.

stress intensity co-efficient.

0.2% proof stress.
stress intensity factor.
plane strain stress intensity.

a critical value of K,.

1
1c®

= stress intensity factor for different modes.
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1. TOUGHNESS OF A HOT WORKING DIE STEEL.

Little fundamental work contributing to the better understanding of
crack propagation in hot work die steels has been reported, and the aim

of this thesis is to explore the subject more fully.

The toughness of die steels has been considered difficult to measure
and, until recently, only the Izod or Charpy notch bar tests allowed
toughness values to be compared. This Izod or Charpy test, however, does
not separate the two mechanisms contributing to a fracture process -

the initial generation and the subsequent propagation of a crack.
Consequently, these notch bar tests seldom relate to service performance,
even if they are carried out at elevated temperatures. The distinction
must be drawn between die materials that crack superficially, but still
have a useful service life, and those that fail in a brittle manner.
With the introduction of fracture toughness testing a more meaningful
measurement of the crack resistance of die materials, (a function which
conventional notch bar tests cannot accomplish) could be of scientific
and commercial importance. The fracture toughness characteristics of
commercially produced carbon and alloy steels have only recently been

actively studied, whilst little information is available for die steels.

150 FACTORS AFFECTING DIE LIFE.

The two major factors governing the performance of hot work die steel

tools are in the manufacture of the die block itself and in the methods
of use within the metal-forming industries. In the first instance, the
die block manufacturer can alter his hot working and thermal treatments

thereby affecting the performance of the block and, in the second case,
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the process variables within the metal forging industries also have a

similar effect. These variables can exert a significant influence upon the
performance of a hot work die tool with consequent economic implications

for the drop forger who expects die blocks to produce a specified minimum
number of drop forgings before the die tool must be re-machined or scrapped.
Failure to achieve this minimum number of components can result in production

and financial loss.

1.2 THE PRODUCTION OF DIE BLOCKS.

Direct forging and upset forging are the two methods used for

manufacturing die blocks. The object of upset forging is to minimise the
differences between the longitudinal plane mechanical properties from those
existing in the transverse plane. Therefore after the conversion of the ingot
into a billet (by either forging or rolling) individual slices are sectioned
from the billet. To further consolidate the original longitudinal grain
fibre, hot working should be continued by forging to the desired

dimensions. For example, with a cube-shaped die block hot working should

be continued by forging each of the six sides of the die block.

Increased forging deformation with the direct hot working method
produces inferior transverse tensile ductility and notch toughness,

particularly when forging reductions are greater than 5:1. (1)

In the heat treatment of die blocks even though closely controlled

thermal cycles are employed marked variations in hardness occur in which
required specification hardness ranges are not achieved. No satisfactory
explanation for this re-treatment situation was advanced by Bayliss (1),

as steelmaking specifications, together with Jominy hardness and grain size,

are controlled.

Table 1. indicates these hardness ranges which constitute the basis of

die block sales.
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1.3 VARIATIONS AFFECTING PERFORMANCE IN THE DROP FORGE.

The practice adopted by the drop forger with his forging procedure can exert
a profound influence upon the performance of die blocks. Such practices
include :-

Preheating of the die block.

Die Design.

Lubricants used.

Re-heating of the stock bar from which drop-forgings
are produced.

(e) Mechanical damage.

o T

In their studies of the life of drop forging dies Aston & Muir (2) found
that a significant factor in determining the minimum life of a die block

is the weight of the drop forging itself as increasing weight decreases
life. Also draft angle and fillet radii are important factors to be
congidered. They found that the use of a correct size forging unit for any
particular drop forging was important in achieving optimum die life.
Forging units possessing excessive driving energy contribute to an

inferior die life.

Die blocks are normally withdrawn from service because of damage from one
of the following :

Gross cracking.

Thermal fatigue cracking.
Mechanical fatigue cracking.
Metal removal by deformation.
Erosion.

° RO T

It has been observed in the metallurgical examination of used die tools,
which apparently possess similar metallurgical and mechanical properties,
that varying die life has been obtained. No truly satisfactory explanation
can be given for these variations, as the drop forger reports that

similar orthodox workshop practices have been employed.

The drop forging industry has long sought the ideal low priced die
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material which incorporates high wear resistance together with freedom
from premature cracking, and which presents no difficulties in the die
sinking process. The No. 5. grade of die steel is favoured by drop-forgers
for use as a general-purpose hot work die steel which, whilst not
possessing the ideal conditions previously noted, at least is regarded as a
useful substitute. The crack resistance of die steels, particularly

at changing sections within the die impression face, has long since been of
interest to the drop-forging industry: in consequence, the toughness

parameters of die steels have special significance.
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2.1 FRACTURE MECHANICS.

From the research data published the following survey is representative

2f general aspects on this subject.

Before the acceptance of fracture mechanics being relevant to failure
analysis, Tipper (3) concluded in her paper that after fifteen years devoted
to the study of testing methods, and their application to the selection of

m aterial to resist brittle fracture, there was no general agreement

on what test should be applied or what standards should be set.

Wells (4) surveyed the published work on fracture mechanics, and gave a
historical review. At the same 1959 Conference, Irwin (5) commented that the
subject of fracture mechanics had been of interest for the past twelve years,
but more than half of that time was required merely to earn the right to

such a respectable title.

The joint authorship of Irwin & ngls (6) gave a comprehensive survey of the
progress in fracture mechanics citing investigators who assessed various

test piece shapes and sizes: starting with Griffith who, in 1920, developed the
concept that a pre-existing crack can only extend when the amount of elastic
strain energy released upon growth of the crack equals or exceeds the surface
energy of the new-formed crack. Griffith assumed that brittle amorphous
materials, such as glass, contained many small invisible cracks and that
fracture resulted when the applied stress caused these fine cracks to grow

to macroscopic size. Griffith's reasoning, whilst not strictly applicable

in metals, was the basis for development of the concept of fracture

toughness.

Griffith (7) used the stress analysis of Inglis (8) in considering the

energy distribution around an elliptical crack in a thin plate of infinite



length and width. Griffith considered the condition when the ellipse

was transformed into a thin crack that could extend when the total emergy
in the system remained unchanged as the crack grew. The Inglis formula
provided a solution for the stress distribution around an internal crack

with the maximum stress being given by

G max. = 2 G o Vﬁiﬁg.

Where G o is the applied_stress remote from the crack, 2C is the crack
length, Whilst P. is the radius of curvature at the ends of the major axis
of the elliptical crack. Because G max. can be indeterminate without
knowing the generally unmeasurable quantity P., Griffith developed an
analysis based upon energy considerations. From the stress distribution
around an elliptical crack he calculated the elastic energy per unit of

volume stored in the material and obtained for a plate of uniform thickness 3

U =T ¢® G o%/E.

Where U, is the elastic energy stored in the plate ahead of the crack
front: E. is Young's modulus. The other terms being the same as those
previously used. The above expression is applicable to thin plates only,
where the thickness direction stress is zero. For thick plates, wherein
thickness direction stresses develop as a consequence of a non-uniform
Poisson's ratio contraction at the apex of a notch, the thickness direction
strain is considered to be equal to zero. This reasoning led to the

Fant ity Geifeith forunda: -~ Bo™ = 2 6L %

a C
whereGo. is the applied stress, E. being the elastic modulus,

ol the surface energy.
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The previous analysis, involving the application of classical elastic
theory, applies only to isotropic materials that behave in a linear

elastic manner.

Irwin (9) and Orowan (10) stated that a plastic term should be added
to the surface tension in the Griffith equation as, even with a very brittle
material, using the formula had shown that the calculated strength values

for known crack lengths erred considerably.

Irwin's desire was to find a reliable design criterion for predicting

the stress at which rapidly propagating fracture will occur. This is
essentially a macroscopic theory that is concerned with cracks that are a
tenth of an inch in length or greater. The crack extension force G. measured
in units of in.—lb/in2 is the quantity of stored elastic strain energy
released from a cracking specimen as the result of the extension of an
advancing crack by a unit area. When this quantity reaches the critical
value Gec. the crack will propagate rapidly and represents the fraction of
the total work expended on the system, which is irreversibly absorbed in
local plastic flow and cleavage to create a unit area of fracture surface.
Thus, Irwin's "Ge" factor can be considered to be equivalent to Orowan's
factor "P" in the modification of the Griffith formulae. Incorporating the
factor "P" expressed the condition of extending the crack by plastic

work, the difference being that the Irwin's modification factor Ge. is

experimentally determined.

The energy absorbed in plastic flow has been called by various names, such as
crack propagation energy or plastic surface work, but the term generally

used is "fracture toughness". The symbols used to designated fracture
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toughness "Ge" or "Glc" are due to Irwin, It has been demonstrated
that the value of Gc. is many orders of magnitude larger than the surface
tension : therefore, the Griffith equation was modified to

include the process involving plastic flow :
G e, = EGe/ Tr s

where G- ¢, is the value of the gross stress remote from the crack

necessary to cause an internal crack of length 2C. to propagate.

The approach adopted by Irwin led to the hope that the fracture

toughness parameter Gc. would be a unique value for a given material which
could be evaluated by progressively loading any test specimen of suitable
geometry, and observing the onset and subsequent crack propagation

characteristics until rapid fracture occurred in the material under test.

The concepts of fracture toughness of metals were surveyed by Barnby

(11) and others (12 & 13), who provided Materials Scientists with a sound
introduction to fracture mechanics and explained how such knowledge could
be applied to engineering problems without over-emphasizing the

mathematical background.

A similar lucid explanation on toughness testing was given by Steigerwald
(14), who dispensed with involved mathematics and gave an admirable simple,
straight~forward review of the fracture toughness theory, together with a

discussion on test piece geometry used with fracture toughness testing.

The application of fracture toughness techniques was studied by Winne &

Wundt (15) in the testing of large notched steel discs. High rotational
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speed was used to propagate fracture. These laboratory tests simulated
the working environment of large rotor forgings in which catastrophic
failure had been reported from the U.S.A. in the period 1954-1956.

From the investigational work carried out during this period better
understanding of the inspection and permissible defect orientations

was postulated for these large generator rotor forgings. The laboratory
data obtained clearly showed, when compared to actual service failures,
that the starting cracks had propagated to a size of several inches before

rapid and catastrophic failure took place.

Similarly, concerning himself with the toughness of a large industrial
forging, Wessell (16) used large flat notched and un-notched specimens
selected from a 36" diameter x 38'-0" long (915 mm x 9 metres approximately)
forging, manufactured to a .25% carbon, 3.0% nickel, .25% chromium,

.50% molybdenum, 0.08% vanadium composition, being air hardened and
tempered to 260 B,H.N. The relationship between cracked notch to plain
tensile properties was studied in association with the fracture
appearance transitional characteristics in similar temperature regions
in which the grade of steel under discussion was in everyday use. The
presence of pre-existing cracks, and the geometrical size, was shown to
exert an influence upon brittle fracture; thus an increase in the crack
size in a constant thickness ratio decreased the fracture strength in

proportion to the inversed square root of the crack length.

A great deal of work has been accomplished, using relatively small section
material, in the study of fracture resistance. Yen & Pendleberry (17)
used two steels, of the following analyses, to establish a relationship

between hardness and fracture resistance.
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A.1.8.1.
Analyses. H,11. 4340,
Carbon 0.40 0.42
Silicon 0.97 0.28
Sul phur 0.011 0,008
Phosphorus 0.006 0.012
Manganese 0.21 0.77
Nickel - 1.82
Chr omium 5.08 0.85
Molyhdenum 1.24 .- 0.24
Vanadium 0.58 -

It was found when these two steels had been heat treated to achieve
265-285 k.s.i., that shallow cracks less than 0.020" long (508 mm) and
0.010" deep (.254 mm) did not adversely affect the toughness but larger

cracks did reduce toughness significantly.

The influence of non-metallic inclusions upon the toughness of

steels has been studied by Birkle, Wei & Pellissier (18) who investigated
the plane strain fracture toughness of a series of steels containing -

.45% carbon, 2% nickel, 1% chromium, .40% molybdenum with differing sulphur
contents —(such steels having slightly higher nickel and molybdenum contents
than No. 5. die steel). The onset of plane strain fracture instability
on their series of specimens was controlled by the reduction of sulphide
inclusions, and that other parameters being satisfactory the level of

ch is determined by the density and distribution of such sulphide

inclusions. The lowest sulphur content of 0.008% gave the highest fracture

toughness.

The influence of impurities and cleanliness was also considered by
Cottrell and Langstone (19) who determined ch values by using single-edge
notch fatigue cracked specimens of a 3% chromium-molybdenum steel and
.18% nickel, 1.2% titanium mar-ageing steels. Included in the study

was the effect of varying the forging reduction, heat treatment and melting
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processes. ch values were also determined from material adjacent to

the failure of a 36" diameter rocket case, wherein it was shown that the
failure stress can be predicted from the knowledge of defect size and

the material ch. Toughness values were improved when the material
received a greater amount of hot working. Additionally, vacuum

induction melted steels possess superior ch values to those present when
air melting had been carried out, but the greatest improvement of all was

noted when impurity contents of sulphur, arsenic and tin were reduced

to a low content.

The literature survey has failed to reveal any information on the

fracture toughness of No. 5. die steel or similar hot work tool steels,
although a considerable amount of testing has been done at ambient
temperature using 5% chromium, 1% tungsten, .50/1.0% vanadium, 1% molybdenum
steels, because such an alloy has found use in the nuclear and space
programmes in addition fo its lonm-standing use in the metal forming

industries.

0f data published concerning fracture toughness of engineering materials
the following four investigations have been directly concerned with hot

work die steels.

2.2 FRACTURE TOUGHNESS OF HOT WORK DIE STEELS.

Two well-known die steels were examined by Barnby and Bayliss (20)
who showed that differences in toughness exist between the following

materials :—



(a)
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Carbon 0.40

Sulphur 0.040 maximum.
Phosphorus 0.040 maximum.
Manganese 0.60

Nickel 0.30

Chromium 3.25
Molybdenum 1.060

Vanadium 0.20

(b)

Carbon 0.20

Sulphur 0.025 maximum.
Phosphorus 0.025 maximum.
Manganese 0.65

Nickel 2.9

Chromium 0.90
Molybdenum 2.9

It was found that at ambient temperature the Kic values are sensitive
to structural variations through the thickness of the material and that
the resistance of these steels to the propagation of sharp internal
cracks can bear no relationship to the toughness measured by Izod

impact tests.

Alloy additions to the nickel-molybdenum die steels were studied by
Holloway & Hopkins (21), who investigated the addition of up to 10%
cobalt in die material (b) used by Barnby & Bayliss. It was found that
3% cobalt was the optimum addition, and slight benefit to ambient
temperature fracture toughness was evident, but amounts over this

impaired toughness.

The 5% chromium grade of hot work die steels was assessed by Firth &
Garwood (22), who compared the fracture toughness of a die steel

possessing a chemical compositional range -

Carbon 0.34/0.37
Chromium 5.03/5.24
Molybdenum 1.29/1.40
Vanadium 0.08/1.12
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in the air and vacuum re-melted steelmaking conditions to those present

with an alloy containing -

Carbon 0.44
Chromium 5.42
Molybdenum 2.08
Vanadium 0.53

This latter steel gave toughness values superior to the previous type

of alloys which constitute the commercially produced range of 5% chromium
hot work die steels. It was observed that if the heat treated structure
contained uniformly distributed carbides, ch values showed no
directionality, although conventional mechanical properties demonstrated

that tensile ductility in the transverse direction was inferior to that

existing in the longitudinal plane.

The vacuum re-melted material offered no significant improvement in

fracture toughness over the air melted steels.

The only instance of the fracture toughness of cast rather than wrought
hot work die steel was reported by Younkin & Jacobson, (23), who assessed
two cast forging dies possessing 5% chromium, 1.5% tungsten,

1.5% molybdenum, on which production data had been obtained : one die
block achieving an increase in useful working life of 50% over the other.
By using fatigue pre-cracked Charpy specimens a significant difference

in fracture toughness was found. The die which had given the worst

service performance also possessed the lowest fracture toughness.

These four investigations of hot work die steels measured the
fracture toughness at room temperature, which is of limited value if the
actual die tools are operating at elevated temperatures within their normal

working environment.
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In drop-forging, the effect of heat transfer from the stock material

being hot worked to the die impression surface must be taken into

account. Any study of crack propagation of die materials must therefore

be measured at temperatures up to 500°C. which is near to the
hot working conditions, although in certain small parts of the die

impression, temperatures in excess of 500°C. have been reported (24).

It should be recalled that the alloy compositions of the 5% chromium grade

of die steel are superior to the standard 13% ni ckel-chromium~molybdenum

No. 5. die steel.Even though the 5% chromium alloy content steel is
used within the drop-forging industry, its application is normally

limited by size and cost.

The literature survey has failed to reveal any information concerning
fracture toughness parameters at temperatures in excess of 120°C.

The aim of this investigation is to remedy these deficiencies by
comparing the fracture toughness of the ni ckel-chromium-molybdenum
steel at a variety of temperatures, so that a better understanding of

crack propagation of hot work die tools can be made.
Many industrial engineers still regard with suspicion the application
of fracture mechanics to everyday engineering problems despite the

amount of data presented to them concerning fracture toughness.

A similar unconnected relationship between materials and everyday

service conditions arises with AISI 4340 and H.11, in which their toughness

has been assessed on applications other than die tools.
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3. LINEAR ELASTIC FRACTURE MECHANICS.
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3.1 PHILOSOPHY OF TESTING.

The three basic modes of failure treated by fracture mechanics relate
to the way in which the direction of the fracture process, with

corresponding crack surfaces move under applied loads. (Fig 1).

Mode 1. is the opening mode, the crack surfaces move
opposite and perpendicular to each other.

Mode 11. is the forward sliding mode. The two crack surfaces
move in approximately the same plane and in a
direction perpendicular to the line of the crack
tip.

Mode 111.this is called the tearing mode. The two corresponding
crack surfaces move in approximately the same plane

and in a direction which is parallel to the line of
the crack front.

Mode 1. is the most important mode from the point of view of low stress
fracture and, consequently, has been studied in greater detail than the

other two modes.
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3.2 CRACK PROPAGATION CRITERIA.

It will be recalled that it was Griffith, in the early 1920's, who
observed for the first time the difference between the theoretical
fracture strength of crystals to those obtained by experimentation.
His original theory was applicable only to brittle solids, such as
glass, and stated that crack propagation will take place when the
elastic strain energy is decreased, and is at least equal to the

energy required to create the new crack surface.

From these early beginnings many sophisicated theories of crack
propagation criteria have been advanced in order that the study of
brittle fracture can be more fully understood. Various test piece
geometries and associated differing stressing systems have been
quantitatively assessed. However, all these theories are based upon
a simple property of the material termed Ke. which is called the
fracture toughness or the critical stress intensification value at the
crack tip, at which fast crack propagation will occur in the

material being assessed. This Kc value is a material property, just

in the same way as engineers today consider that yield and tensile

strengths are material properties.

The understanding of the material constant Ke. can be furthered by
considering the local stress distribution at the tip of a crack. For a
two-dimensional example of crack propagation, based upon the plane
theory of elasticity, the following illustration, (Fig 24) will
suffice.

If a uniform applied stress G a is applied to the specimen the local
tensile stress G;y at the noteh root is theoretically infinite at the

actual notch root where x equals 0, and rapidly decreases as x increases.

The mathematical relationships developed by Irwin in the advancement of
fracture mechanics was based upon restricting considerations to the

region very close to the crack tip : this is where x is small and is the
important area as far as crack propgation is concerned. The local stress

then decreases according to the equation :
G y:Ki

Vo x (1)
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K1 is designated the stress intensification factor and dscribes the

level of local stress distribution.

K1 depends on the applied stress G a and if the applied stress is
increased then the 31 stress intensity factor increases: in conseguence,
the local stress distribution increases as shown in Fig 2A.

Finally K.1 attains a critical value Kle’ at which the local stress is
high enough to allow the crack tip to propagate forwards.

Thus, ch

which the material being evaluated can withstand at the point of

represents the maximum value of the local stress distribution

fracture. Since Ei increases with the applied stress G a, the degree
that the stress intensity factor rises with the applied stress is

expressed

T = X G a J_E_ (2)

1

Y. being a geometrical constant and c. is the depth of notch, (Fig 24).

From this equation it can be seen in principle how the material constant
ch can be measured because if Y. and c. are constant for the notched
specimen, all that remains to incorporate in the equation is when the
particular critical value of a. is reached, this being the point at which

fracture occurs.

In some situations three-dimensional considerations must be taken into
account. Cracks may be partially or fully embedded in a plate and have a
simple geometry: stresses are generated in the x and z directions as
well as in the y direction. Such stresses are of great importance in

considering crack propagation.
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3.3  THREE-DIMENSIONAL STRESSES BELOW A NOTCH ROOT.

Let us consider a specimen, Fig 2B, where an entirely elastic situation
applies. The uniform applied stressG a is concentrated to a large
local value of G y at the notch root. The presence of the concentrated
stress (3 y, associated with the notched geometry, produces constraint
stress in the x and z directions. These arise because of the Poisson
effect, which demands large contractions in both the x and z directions,
corresponding to the large longitudinal stress(?srclose to the notch

root.

The cross-hatched areas of Fig 3A. represent the area which is outside

the region of highly concentrated stress, in which only small Poisson
contractions are required. The material shaded restrains the notch

root material from contracting in the x and z directions and generates

G x and G z constraint stresses. Generally theG x follows theGy

stress in its distribution, but the former stress will always be less than
G y. The shape of the notch and its elastic displacements influence the
G x stress and so it cannot be entirely specified by the Poisson effect.
The G z stress tends to follow the (G y and G x stresses and is given

by :
G = =V(Gy +Gz).

As the G x and(3 2 stresses are generated by geometrical constraints they
must be zero af the free surfaces of the specimen. In consequence, they
tend to followa but deviate from Oy and fall to zero at the free

surfaces as shown in Fig.3B.

Linear elastic fracture mechanics have quantitatively assessed the

relationship between theG x, Gy and G 2z stresses. Two conditions arise
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which greatly affect the stress distribution: these depend upon the

plate thickness. Plates of thickness B develoI:G;y'andG; z stresses

1
in the manner previously described and, if they possess sufficient
thickness that the G 7 stress is constant over most of the thickness,

then this situation approximates to one of a plane strain.

This condition of plane strain is one in which all strains or
displacements would lie in one plane. For the specimen, (Fig 3B) all
displacement would lie in the xy plane, as there would be no
displacements through the thickness direction apart from very close to
the surfaces where G z becomes too small to prevent the displacements.

The critical stress intensity facter K, is the designation afforded

le
to plane strain conditions. The second condition is an alternative
extreme situation in which a plate possesses a thickness B2. In this

instance, the thickness is too small to allow theG 2z stress to develop,

In consequence thisc} z stress is approximately zero through the thickness

direction: this situation approximates to one of a plane stress condition.
I

In a plane stress situation all the stresses lie in the single Oxy

plane, (Pig 3B). There is, however, a significant difference between
plane strain and the plane stress condition. This becomes apparent at

the point at which local plastic yielding occurs as the notch root

is approached. With plane strain there are three prevailing stress systems
to consider. With plane stress this is not the case, because one of these

three principdal stresses is esssntially zero.

3.4 CRACK PROPAGATION ENERGY.

The Griffith theory of fracture postulated that the decrease in stored

elastic energy in a specimen provides the increasing surface energy
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required as the area of the crack faces increase.
The condition for crack propagation derived by Weiss & Yukawa (25)

is that the applied stress should attain the value -

(T

Ca = ]'? l—vz)c.;

assuming that plane strain conditions for a through crack in a plate
applies. (Fig 4). Where the energy per unit area of crack surface is
¥y E being Young's modulus and v Poisson's ratio, whilst the crack is a
central crack of length 2c. or an edge crack of length c. With metals

the concentrated stresses at the crack tip induce plastic yielding
which takes the form of a small plastic zone.
This plastic yielding, according to Orowan (10) produced a large

increase in the consumption of elastic strain energy which is transformed
into plastic work per unit increase in the crack face area and is

therefore equivalent to an increase in surface energy.

Irwin generalised upon Orowan's work by introducing the constant Ge.
which represents the total work consumed in producing unit area of a

non crack surface.

For a plane strain situation the work is -

whilst for plane stress it is Ge.

According to Irwin the relationship with ch for plane strain is :
5
Kic i EGIc Ezg
1l -v
The term G, has, in the past, been termed as the critical driving force
lc

or the critical strain energy release rate. Currently toughness is specified

in the terminology of the ch value, which eliminates the need for
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considering different allowances for elastic modulus conditions.

3.8 PLASTIC YIELDING.

The size of the plastic zone at the crack tip is dependent upon whether
plane strain or plane stress conditions exist. A formal representation of
the plastic zone at the front of a through thickness crack is shown
schematically in Fig 4A, for a situation in which plane stress predominates
at the surface and plane strain in the central regions. The influence of
the free surface extends into the thickness of the specimen for a distance
proportional to the characteristic dimension (ch/CS YS)2. Generally a
large plastic zone denotes a desirable degree of fracture toughness.
(Equation 1. predicts that at the crack tip where x is zero the local
stress is infinitely high). In real situations this cannot apply as the
localised stress cannot exceed the yield stress. If the stress distributions
are ocut off at the level of the yield stress, (Fig 4B) this represents
schematically the radius of the yielded region. In practical terms the
shape and size of the plastic zone depends upon material properties and

on the stress system.

In considering plane strain where there are three non-zero principal
stresses near the crack tip the Tresca conditions for plastic yielding
show that Gy will be higher than the uniaxial yield stress in
tension (G YS. The G ¥S must satisfy.

CGys =oy-52

as (3 z is the minimum and (G y the maximum principal stress.
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In consequence, the normal stress at the crack tip rises to the
given value —

Gy =G v+ Gz
This normal stress is greater than the yield stress and, in consequence,
can do work in opening the crack and is a basic condition in determining
whether good or bad crack propagation characteristics apply at the
notch which generates a triaxial stress system because of geometrical

constraints.

Irwin (6) states that under plane strain conditions :

2
ch ;
¥s

v = g

whilst for plane stress -

K

v i et

During the fracture process the crack tip is preceded by this plastic
zone which for plane stress is larger than when plane strain conditions
apply. With thick plates the plastic zone is small in the central

region in which plane strain conditions arise, but is larger at the

gide surface where plane stress is present. A specimen, Fig 5, prepared
from a thick plate demonstrates the effect that the plastic zone (plane
strain) is small in the central region but larger at the wide surface

in which plane stress predominates. The depth below the side surfaces at
which plane strain situations apply is approximately equal to ry. The
smaller plane strain plastic zone consumes the minimum energy in the

form of plastic work.
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The specimen fracture appearance change relative to plate thickness is
noted by the thin section possessing plastic flow, whilst with the thick
specimen, constraint gives rise to plame strain : thus, with a reducing
plate thickness the situation approaches plane stress in which energy is

consumed as plastic work increases: therefore, toughness increases. (Fig. 6).

The mathematical content of the fracture mechanics concept, although
being refined and extended to meet particular needs, is now unquestionably
accepted as fulfilling a definite need in the better understanding of
crack propagation characteristics. This is a far cry from the early
unrecognized beginnings associated with fracture mechanics.

At the Risley Conference in 1969 (25A), it was stated that the application
of fracture toughness to engineering problems seemed unlimited as was the
flow of literature. It was felt to be advantageous if all concerned fully
appreciated not only the advantages but also the limitations of linear

elastiec fracture mechanics.
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3.6 DEVELOPMENT OF TESTING TECHNIQUE.

3.6.1. The Traditional Assessment of Toughness.

Fracture and brittle toughness information was initially based upon the
philosophy of using test methods in which the ductile/brittle transition
temperature assessment was extensively used. This method relied on the
premise that a material such as steel plate used in ship construction has a
temperature range below which it is susceptible to low stress brittle
failure, whilst above this temperature, freedom from brittle fracture can
be expected. Many test methods using this ductile/brittle transition
temperature approach have been devised and numerous attempts have been made
to correlate the results. An example of assessing such methods was examined
by Pellini, Steel & Hawthorn (26) who investigated the drop weight and
explosion bulge test as a means of measuring the fracture resistance of

materials.

The nil-ductility test has broader implications than Charpy impact testing,

as it defines the temperature at which material loses its capacity for plastic
deformation in the presence of an existing crack. The explosion test method

is based on applying a hard surface bead weld on the centre of a plate of 14"
x 14", which serves as an initiator of cracking. An explosive force is then
directed on to the plate, sufficient to cause bulging at elevated
temperatures. The test is repeated as the temperature is successively

lowered, and the temperature at which the plate cracks with no notable
deformation is identified as the nil-ductility transition temperature (N.D.T).
Similarly, with the drop weight test, a welded bead is used to initiate
failure. A weight is dropped on the mid-position of a 33" x 14" square
specimen, the welded bead being placed on the tensile side. N.D.T. is the

highest temperature at which fracture takes place within a 5° bend.

Investigations have attempted to correlate such ductile/brittle philosophy



with fracture toughness parameters. Pellini & Loss (27) concerned
themselves with the integration of metallurgical and fracture mechanics
concepts of transition temperature factors whereby fracture safe design
for structural steels could be undertaken. This comprehensive work
introduced a fracture analysis diagram (F A D) procedure in which flaw
size/stress relationships for fracture initiation in the transition

range could be determined.

Differing test procedures have been developed to establish fracture
toughness parameters, so that rapid crack propagation with no

gross deformation could be fully explored. In the past design philosopy
has placed over-—emphasis upon the importance of various notch tests in the
avoidance of service failure of engineering components. For example, if a
Charpy or Izod test result is established from material from which a
pressure vessel is to be constructed, the strength of the vessel in the
presence of a flaw cannot in any way be calculated from the energy
absorption factor determined in the Charpy or Izod test. In many cases the
Design Engineer seems to assume these notch tests do possess such
meaningful information. Nevertheless, conventional notch tests serve a
useful function for the quality control evaluation of applied heat

treatment of fabricating procedures.

The work of Irwin developed fracture toughness parameters which can
successfully evaluate brittle fracture which has practical significance in
design. Furthermore, fracture mechanics has an advantage of taking into
account section size effects, a function which the conventional notch tests
cannot perform. Fracture mechanics makes it possible to define the
conditions of applied load, crack size and temperature into one single

parameter in which separation from slow ductile to fast brittle fracture

is evaluated.
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3.6.2. Present—day Approach to Toughness Evaluation.

The stress/strain distribution in the vicinity of a crack or
notch is now adopted as being more meaningful to predict the
characteristics for low stress fracture. A standard reference work
compiled by Brown & Srawley (28) presented a state of the art survey
on factors necessary to determine the fracture toughness of metallic
materials. The contents ranged from the fundamentals of specimen
design, testing and K. calibration curves, to the instrumentation methods

used to evaluate toughness parameters.

The stress intensity (K1 factor) of a crack tip in a specimen is

equal to the load multiplied by some function of the selected specimen
dimensions plus the crack length which has dependence upon the type of
specimen used. So that the relationship between load and crack

length parameters can be reduced to a more simplified form, a K. calibration
factor is used. These K. calibrations are required to allow for

stress field intensity modifications, due to the particular loading
imposed by the design of a particular test specimen. Such K. calibrations

have been experimentally or mathematically determined for each sample type.

The calculation procedure for determining the plane strain fracture
toughness from the specimen geometry and applied loads was reviewed by May
& Walker (29). The complex compliance functions required to calculate

K1 values were simplified and presented in tabular form for seven of the
more popular types of fracture toughness specimens, ranging from the centre
cracked plate, edge notched specimens, to the wedge open-loaded type.

These tables have been of extreme benefit for the technologist undertaking

toughness testing, as calculation time has been greatly reduced. In the

use of any test specimen cited it is presumed that linear fracture mechanics
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generally require a sharp crack defect with a fracture stress below

the yield stress of the material.

The specimen geometry most suited to meet individual testing

requirements was studied by Brothers & Yukawa (30) and others (31 & 32)
who considered that notched three-point bend test bars are applicable for
large sample testing where fracture toughness is moderate, and further
demonstrated that a circumferentially notched round specimen, when tension
tested, has advantages in examining material associated with round bar
form, particularly when considering plane strain toughness. They also
showed that a surface cracked tension test piece has the ability to
demonstrate everyday service defect orientation, and additionally reported
that the single edge notch test specimen has a decided advantage of
indicating the combined tension and bending stress at the notch which allows

reduced loading requirements compared with other testing methods.

The selection of the type of specimen most suited to meet special needs
was also discussed by Wessell (33) who gave a broad and detailed survey

on the approach and use of fracture mechanics data to the better
understanding of some everyday practical engineering problems associated
with the American Westinghouse products, such as thick walled pressure
vessels and large rotating machinery parts. Because of the relatively low
ratio of fracture toughness to yield stress with some of these engineering
components, the absolute specimen size, required to induce valid Kic values
became too large for everyday testing purposes and, therefore, the author
concentrated upon assessing the usefulness of various small specimens. It
was found that the Manjoine or wedge open-loading type, with slight
mpdification, considerably increased the measurement capacity of all

specimens. Fracture toughness measurements were carried out using the modifiec
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WOL specimen over a testing temperature band of - 70° to + 8000., and a
broad range of Kic/t;ys levels obtained. It was demonstrated conclusively
the suitability of using the wedge open-loaded type specimen to meet
standard testing conditions when the yield stress is moderate. However,
whatever type of test piece is selected to measure K1c values, such
factors as the cross section of the material to be tested, the associated
load compatibility, and the degree of simulation of defects encountered
in everyday engineering environments, have to be considered before final

specimen geometry is selected to fulfill a particular testing requirement.

After specimen selection, preparation of fracture toughness test pieces
has to be undertaken with much greater care than, for example, when
producing a Charpy or Izod test bar. This is particularly true concerning
the influence of notch sharpness and root radius of fracture toughness
specimens. Whether bend or tension specimens are selected, care must be
exercised in machining the crack notch. Various methods can be used to
produce the original notch from which fatigue cracking originates; a
notch root radius must be less than 0.005 inches. The use of a milling
cutter, accurately dimensioned at the notch cutting face, is presently
favoured. The number and hardness of the specimens requiring to he
machined will dictate the amount of actual tool wear and related notch
accuracy. Lf this presents problems the spark erosion technique can be
used to produce the notch. It must be recognised that the use of
standardized test pieces to ensure that testing conditions conform to
specification criteria (34) cannot be solely guaranteed by calculation,
and that practical sample experimentation is necessary. This is one of the

unusual features of toughness testing.

Not all investigators agree that the concise specification measurement
requirements are totally necessary to obtain meaningful data.

For example, Cottrell & Langstone (19) in reviewing the current literature,
indicated that specimen geometry, when kept within fairly narrow limits,
does not vary greatly with ch if original crack extension takes place
before yielding and the plastic zone size of the initial cracking is small
compared with the crack depth and specimen cross section. It was also
reported that no significant effect on ch was noted in the method of
fatigue cracking when the number of fatigue cycles was greater than 2000.

This differs from the recommended procedure for plane strain fracture
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toughness testing of ASTM E.24 (35) who proposed that the last 0.050
inches (1.27 mm) of fatigue crack growth should take place in not
less than 50,000 stress cycles.

From the earliest traditional attempts to quantify the parameters of
brittle fracture, using the ductile/brittle transition temperature
characteristics, there has now developed, whatever the variation on
specimen geometry or testing conditions, a more meaningful situation in
which the use of linear elastic fracture mechanics forms the modern

basis for the better understanding of the brittle fracture process.
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3.7 SOME PRACTICAL USES OF ch FRACTURE TOUGHNESS.

Reference has already been made in the literature survey on the usefulness
of assessing a material's resistance to brittle fracture by measuring the
fracture toughness. Some of the surveyed published literature was concerned
with evaluating fracture toughness of general engineering components and
with the use of fracture mechanics calculations, studying more closely

design criteria (36).

Other investigations were applicable to the better understanding of
some of the mathematical concepts embodied in the various parameters

associated with fracture toughness testing.

The relevance of fracture mechanics in solving some of the toughness
problems associated with the production and use of general engineering
components can be illustrated with the following examples, which are
representative of the type of work undertaken by using linear elastic

fracture mechanics.

The manner in which fracture mechanics could be applied to general
everyday engineering applications was indicated by Hofer (37). An
investigation was carried out on a pressure vessel which, examination
showed, had a through crack of known dimensions. The fracture mechanics
calculations showed that failure occurred about one—third of the stress
rating as compared to conventional failure design criteria. A further
illustration of the use of applying fracture toughness calculations was
undertaken when the safe operating stress for a component possessing an
edge crack in grade 4349 steel was determined, and it was found that
conventional safe design theory, which stipulated 260 k.s.i. erred by
nearly 100%.

Pook (38) illustrated engineering failures. One was a drilling rig

which collapsed in the North Sea with catastrophic effects, and another a
ship's anchor which parted company from the vessel. The author showed
how the steelmaker and designers may be drawn finally into fracture
mechanics through the formulation of design codes.

On the basis of obtaining data on industrially used power generation

components, Thornton (39) determined the fracture toughness of turbo-generator
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materials whose chemical composition ranged from alloys containing

3.5% chromium, .5% molybdenum, 1.0% vanadium to 12.0% chromium, 5.0%
nickel, 1.0% molybdenum with niobium additions. Toughness values were
obtained by using both linear elastic and general yield fracture
mechanics. It was further stated that the ASTM criterion (35) from
which it will be seen both specimen thickness and crack length

should not be less than 2.5 Ech ;2 was too conservative and, with more

Gys

data becoming available, could be relaxed. In the case of conventional
stress analysis and metallurgical inspection on rotor forgings for
non-metallic inclusions in the critical bore area of such forgings,
present acceptance standards could tolerate inclusions approximately

.25" long (6.3 mm) having a radial depth of approximately 0.030" (.702 mm).
Using fracture mechanics, it was noted that even at the proof stress of
these heavy generator forgings the critical defect size for rapid
fracture could be so very much in excess of the new permitted values.
Caution was expressed that relaxation of acceptance standards can only
successfully be undertaken after much more work which, of necessity, must
include evaluation of non-destructive testing methods, such as ultrasonic

flaw detection, so that defect size can be accurately monitored.

Two frequently used constructional alloy steels were studied by Logan and
Crossland (49) who compared the fracture toughness. One steel,

contained 0.33% carbon, 2.5% nickel, 0.60% chromium, 0.54% molybdenum

and the other 0.31% carbon, 3.42% nickel, 1.00% chromium, 0.58% molybdenum
and 0.17% vanadium. The material used was 102 wm. diameter, being oil
hardened and tempered at various temperature levels ranging from 200 to
65000., in which the proof stress varied from 53 to 93 tonf/inz.

(0.82 - 1.4 GNmng). Single edge notched and compact tension specimens were
used to assess toughness, as one of the objects of the work undertaken
was to ascertain which sample (which transpired to be the compact tension
type), was most satisfactory to obtain transverse fracture toughness

when the available test material was limited.

A linear relationship between ch and notch impact strength over the
energy range from 0 — 30 J. was reported. If a similar situation exists
with other steels, differing in compositional and structural properties,

this would be of significant practical importance.

The important issue voiced by Nichols(4l) at the 1971 Pressure Vessel



Conference concerned the limitation of extropolating Charpy notch data
outside the environment from which such data was obtained. He
showed that in some cases the Charpy vee notch test can grade materials

in the incorrect order of fracture resistance.

An attempt to correlate various toughness parameters was made by Susukiea,
Ando, Tsuji and Hibarn (42) who determined the fracture toughness of alloy
steel plates used in the construction of reactor vessels containing 3.0/4.0%
nickel and approximately 1.4% chromium and .5% molybdenum. They used four
test specimens comprising smooth round tension test bar, the Charpy vee notch
specimen, the drop weight test and the WOL (test method developed by
Westingham Electric Company, U.S.A) termed "wedge opening loading". The
authors considered that some correlation might be possible in comparing the
results obtained between the WOL, Charpy V. and drop weight tests which could
give rise to the establishment of safe design criteria. Additionally, attentio
was drawn to manufacturing procedures which could significantly influence

toughness characteristics.

Fracture mechanics has presented a means for evaluating structural
reliability. The contribution of engineering geometry to notch strength can no
be predicted. Traditionally, the transition temperature and impact strength,
together with the strength value between notched or un-notched test conditions
was the only means of assessing the ability of materials to arrest a crack
that could be the cause of sudden failure. Plane strain calculations allow,
for the first time, a means of predicting reliability in that the toughness
measured confirms material constants unaffected by specimen geometry. It

has been shown that fracture mechanics can be of extreme importance in the
design calculations and in the better understanding of the brittle failure

phenomena that plagues everyday engineering materials.

Beniszewaki & Rendall (43) stated that now science of fracture toughness
has been established it will be necessary for specialists to simplify
involved mathematics. They should present data in a very practical manner,
otherwise design engineers would refrain from using the concepts of

fracture mechanics.

To allow such a situation to develop would be asinine.
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EXPERIMENTAL METHODS AND MATERIALS.
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4.1 PRODUCTION OF DIE BLOCKS.

There are two methods of using wrought die blocks.

1. By using inserts in which the die impression is produced in
relatively thin section of die steel which, when worn out,
cannot be re-machined.

2. From a solid block which can be re-machined, perhaps more than
once, when the impression becomes worn by use, so that forging
can continue until the block is too thin to allow the operation
of re-~sinking to be carried out again.

The mechanical properties of fully heat treated solid die blocks to

those existing in the smaller insert form are not, in any way, comparable.
Martensitic transformation times, associated with heat treating larger
solid blocks, will vary considerably to those present in quenching small
insert material. In consequence, the smaller insert section thus possesses
a more satisfactory level of as—quenched hardness which, after tempering,
produces superior tensile and notch toughness to that present with the

larger solid die block even though identical heat treatments were given.
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4.2. WORKS TRIALS ON DIE TOOLS.

To evaluate the properties including fracture toughness of No. 5.
die steel, after the useful die life had been obtained, a controlled
industrial experiment using 12" x 5" x 31.5" (305 wm. x 127 mm x

800 mm) inserts was carried out.

Eight inserts were supplied to Ambrose Shardlow & Company Limited, with
the object of studying production characteristics and assessing die life.
A crankshaft impression was machined into the inserts, a 4-ton counterblow
hammer being used to hot form the crankshafts. During the period of

time in which the trials were undertaken, additional technical

control was exercised in the drop forge to ensure that only approved

procedures were adopted.

It is acknowledged (2) that of the top and bottom forming tools, either
in insert or solid die block form, the bottom impression die form
invariably receives the more severe amount of wear and tear.

Two selected bottom inserts were withdrawn from production because of
different reasons in which localised cracking was present with one die
tool whilst thermal wear was evident with the other.

The insert which had locally cracked, necessitating re jection, produced
4231 drop-forgings, whilst the other bottom insert achieved a production
rate of 4633 drop-forgings before the impression became distorted and

produced forgings which were oversize to dimensional requirements.

The inserts, which produced the 4231 and 4633 drop forgings, were designated
"A" and "B" respectively, and are shown in Figs. 7. and 8., which indicate
some areas of the impression which have locally cracked or thermally
distorted.

The investigation will deal with the properties of these nickel-chromium-
molybdenum inserts and, in addition, the effect on toughness of a No. 5.

die steel upset forged test block utilising a different hot working
procedure and incorporating in the heat treatment practice a water quenching
operation. Such production variations being totally dissimilar to those

carried out in manufacturing the trial inserts.
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4.3 FORGING AND HEAT TREATMENT OF STEEL FOR TRIAL INSERTS.

Forgings having a cross section of 12" x 5" (305 x 127 mm) were forged
from electrically melted vacuum degassed 5~ton 10-cwts (6188 Kg)
octagonal ingots, possessing the following chemical composition and

having a girth size of 274" x 23" (692 x 585 mm).

% %

Carbon 0.54 Manganese 0.73
Silicon 0.29 Nickel 1,77
Sulphur 0,032 Chromium 0.74
Phosphorus 0,018 Molybdenum 0,27

Aluminium 0.01

A re~heating cycle was used in which the ingot was charged into a

furnace at 700°C, Mfter allowing a 35 minute period for heat conduction
the ingot was rapidly heated to 1220°C. in 7 hours. A further 6 hours

was allowed at 1240°C. to equalise the temperature throughout the

ingot before forging took place. :

A two-stage forging operation was carried out : the ingot being
converted to a 15" square (381 mm) after which the impure discard
material was removed. The 15" bloom (381 mm) at a minimum temperature of
850°C, was then re~charged into a furnace, and heated to 1200°C, in

5 hours. This temperature of 1200°C. was maintained for 4 hours, after
which a further forging was carried out to achieve the desired
dimensions of 12" x 5" x 31.5" long (305 x 127 x 800 mm),

The 15" bloom, being converted into multiple inserts received a total
hot forging deformation of 8 : 1, after which the bar inserts were
immediately charged into a heat treatment furnace, and the following
‘thermal cycle applied., Held at 650°C. for 8 hours, The inserts were then
withdrawn from the furnace, air cooled to 400/30000. and re-charged into
a furnace and heated to 850°C. in 8 hours, allowing 7 hours at 850°C.
for temperature equalisation. The forgings were then cooled to 650°C.

in 6 hours, held at 650°C. for 7 hours and furnace cooled.

The object of carrying out this heat treatment was to ensure that the
remnant Widmanstatten structure was refined and, more importantly, hydrogen
diffusion had been accomplished whereby the die steel would have freedom
from hairline cracks. Pieces, 12" x 5" x 31.5" (305 x 127 x 800 um) were
then cold sawn, and were finally heat treated in one batch by oil

quenching from 850-870°C, followed by tempering at 600/620°C., for 6 hours.
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4.4 FORGING AND HEAT TREATMENT OF UPSET FORGED TEST BLOCK.

It was decided to combine upset and two different forging reductions in a
larger test block in order to assess any effect upon toughness.
Unfortunately, in processing this upset two-stage deformation, or stepped
test block, it was not possible to use the same cast material as that
selected for the insert forgings, as a much larger ingot was required,

the chemical composition being :-—

TABLE NO. 2.

e Si. 8. P. Mn. Ni. Cr. Mo. Al.
% % % % % % % % %
.52 .28 .038  .020 .75 1.62 .88 .32 .01

which conforms to the required melting specification for No. 5. hot work

die steel.

An 8-ton electrically melted vacuum degassed ingot, having a chemical
composition as given in Table 2, and possessing an octagon girth size

of 353" x 301" (896 x 769 mm) was selected. The pre-heating schedules
previously noted in paragraph 4.3 were, in the main, used : the only
difference in the re-heating cycle being that the 35-minute period for
heat conduction was followed by a further holding period at 650°C. for
90 minutes, whilst time at the actual forging temperature of 1240/125000.

was 8 hours.

The ingot was then converted to a 14" square (356 mm) bloom which
received a reduction from the ingot in a ratio of 3.1/1., The bloom

was then transferred to a heat treatment furnace and received a similar
initial thermal cycle to that outlined in paragraph 4.3. From the 14"
square a piece, 21" long (534 mm), weighing 1180 1bs. (539 Kg) was cold
sawn. This block was then re-heated, the furnace temperature being 850°C.
A period of 30 minutes for heat conduction by the cold block was allowed.
The furnace charge was then raised to 1200°C. in 5 hours, and held at this
temperature for 4 hours. Upset forging was then instituted, after which
shaping the block to dimensions of 16" x 16" x 14" (407 x 407 x 356 mm)

was carried out. The block was then re-~charged into a furnace and maintained
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at 1200°C. for 4 hours, after which a two-stage forging deformation was

carried out to the following dimensions :

| 12" SQUARE SRR : i
i

The total forging reduction for the 12" square (305 mm) section
was 6.8 :1, whilst the 5" section (127 mm) received a forging
deformation of 17 :1.

The block, Fig 9, was then heat treated by including in the hardening
process a water/oil quenching operation.

After being austenitized at 850/87000. the block was water quenched
for 10 minutes, transferred to an oil bath for hardening to be

accomplished in 30 minutes, followed by tempering at 600°C. for 9 hours.
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4.5. ULTRASONIC EXAMINATION.

This form of non-destructive testing consists of energy waves being
transmitted through the section under examination : any imperfections
lying within the path of this energised beam can be detected. The pioneer
and subsequent studies by the International Authority, Dr. Krautkramer,
on the practical use of ultrasonic energy in the testing of forgings

are referred to in his standard work (44).

On the areas away from any changing impression section which would affect
the sound wave beam, examination of the two inserts was undertaken using a
Krautkramer USIP 10 instrument. A,4:HVHZ. power frequency was selected
for assessing the internal soundness of the die tools. The oscillogram
traces, together with frequency details, are shown, Figs. 10. and 11.

The Oscillogram reflections of sample "B", Fig 10, indicate the

presence of non-metallic inclusions, whilst at the same frequency of
testing sample "A", Fig 11, shows no such inclusions. The stepped test
block showed near identical results denoted with the oscillogram pattern

of sample "A", Fig 11.
The interpretation of the characteristics of various metallurgical

defects, and their correlation to ultrasonic examination, requires

careful judgment and lengthy operator experience (45).

4.6. HARDNESS TESTING AND MECHANICAL PROPERTIES.

Brinell Hardness.

Hardness testing, using a Jackman radial arm machine with a
3000 Kg. load and a 10 mm. ball was employed to ascertain the hardness on
four selected areas of each insert. Imsert "A" gave a hardness of 363/352
B.H.N. and insert "B" - 341/321 B.H.N. The stepped test block hardness
was 388/363 B.H.N.

Mechanical Tests.
From the two inserts, and the stepped test block, tensile and notch

toughness specimens were selected, Figs. 9 & 12. Tensile test pieces with a
diameter of 0.564" (14.33 mm) were prepared in accordance with appendix

D. of British Standard 970. Tensile loading up to the 0.2% proof stress
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level was carried out at a constant rate of 2 tons per minute (3.1 Kg.
per square mm). Thereafter the loading was increased to 6 tons per
minute, (9.3 Kg. per square mm). The Izod and Charpy notch bar test
pieces were also prepared in accordance with appendix D. of B.S.970.

The 10 mm. square Charpy specimen using a 2 mm. vee notch, and the round
0.45" (11.5 mm) three-notch Izod samples being selected. These tensile

and notched bar impact tests were carried out at room temperature.



4.7 CONSTRUCTION OF THE HIGH TEMPERATURE FURNACE.

It was decided that a furnace and ancillary equipment should be
constructed in order that the fracture toughness at elevated
temperatures could be examined. The furnace unit to be capable of
attaining and accurately controlling temperatures up to 50000.,
which would be representative of temperatures attained in the

surfaces of industrial metal forming die tools.

To meet different specimen design and, additionally, so that the
largest complete unit could be accommodated within the Instron testing
machine, a welded stainless steel furnace lining, 5%" b'e 4%" x 14"
long, (140 mm. x 115 mm. x 356 mm) was constructed with asbestos
furnace openings connected by 4 mild steel tie rods, Fig 13.

Four 750 watt 240 volt high Inconel hot-foil coil heating elements
were assembled to the four faces of the stainless steel inner furnace
lining: the elements being minerally insulated by magnesium oxide.

The furnace was covered with aluminium sheet. A furnace support
table, constructed of mild steel, (Rig 14A) allowed the ancillary

testing arm extensions to be mounted in a truly vertical position.

At an early stage in manufacture it was necessary to prove temperature
uniformity of the furnace. Therefore, a block of mild steel of similar
dimensions to the W.0.L. test piece was drilled in order that thermocouples
could be inserted. To simulate the possible scaling effect that the

actual test jaws could exert two samples of identical section in mild
steel were placed adjacent to the test block, and the unit heated to
various temperatures up to 500°C. The results are shown in Fig. 15(4).

A uniformity within 20°C. can be observed which is sufficiently

accurate for the purpose as temperature fluctuations which occur

within a die block in service is greater than 20°C.

To transmit the crack propagation extensions from the hot test pieces

to the clip gauge, (Fig 16), and to apply the load, it was necessary

to design an apparatus which could cater for the effects of temperatures
up to 500°C. Materials capable of withstanding this high temperature
condition had to be used, the general arrangement of such components

is shown (Fig 17).

Nilo 50 material was used for constructing the extension legs attached
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to the hot specimen in order to reduce the effects of thermal
expansion on clip gauge readings. The complete unit, attached to

the Instron machine, is shown in Fig 18.

Tne tension bars, jaws and pins were manufactured from a hot work
die steel having the following chemical analysis, similar to the

H.12 grade, but with a higher molybdenum content :-—

Carbon 0.41
Manganese 0.61
Silicon 0.32
Chromium 5.13
Molybdenum 2.35
Vanadium 0.48

and salt bath heat treated to achieve a B.H.N. of 388/415.

MAs a differential heat treatment technique was required for the tension
bars the salt bath method was preferred. By positioning the tension
bars in the bath the larger head areas could be locally re-tempered and
softened, thus facilitating easier machining, as final alignment,

which required an accurate drill location hole in the head could only

be determined after all the components had been assembled.
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5.1. METALLOGRAPHY,

Sulphur Printing.

Transverse slices, 1" thick, were sectioned from the two inserts.
Sulphur prints, etched in sulphuric acid, Figs. 19. & 20. were
taken, and revealed normal sulphide distribution associated with

satisfactory electrically melted killed steel.

Microstructure.

Specimens were prepared by wet surface grinding on successively
finer grades of emery paper, final polishing being accomplished with
diamond paste of 1/8 micron particle size. The unetched examination
was carried out at a magnification of x 100. The inclusions present

are shown in Figs. 21 & 22.

Manganese sulphides predominate over oxide and silicate inclusions.
The microstructure was viewed at magnifications of x 100 and x 650
respectively after etching with 5% Nital. The general structure
consists of tempered bainite and martensite. In addition, a degree of
banding is present, more pronounced on sample "A" than sample "B",
whilst the benefit of including a combined water/oil quenching cycle
in the heat treatment of the stepped test bar is evidenced by the

more acicular condition of the tempered martensite/bainite. These

structures are considered normal for everyday commercial use, Figs. 23-26.

Inclusion Counts — Quantitative Television Microscope.

The Q.T.M. instrument projects an image from a normal metallurgical
microscope into a television camera and, subsequently, to a televidon

monitor. The image characteristics can then be assessed and cgunted.

Careful sample preparation is necessary with micro-specimens. It is
possible with the Q.T.M. to area count oxides and sulphides individually
or collectively. These inclusions have different optical reflectivities
from the matrix and, if an examination for MnS. is required, the

selected sulphide area is produced on the television monitor, the
instrument being adjusted so that only the oxides are viewed. A meter
indicates the percentage of these oxide inclusions, and the instrument

is then adjusted so that the field indicates the total inclusions present,

which again is indicated by a meter reading. The difference between
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these two meter readings indicates the volume of MnS, inclusions.

These samples were examined with the Q.T.M. in order to assess total
inclusion area density. A minimum of 300 area field counts were carried
out on each specimen so that a statistical total percentage inclusion

could be calculated.

% %

_Sample. Oxide, Sulphide, Total Inclusion.
Insert "A" 0,011 0.105 0,116
Insert "B" 0.022 0,168 0.190
Stepped test bar 0.105 0.132 0.237

The results from microscopically examining the unetched metallographic
specimens must be considered in the light of these area inclusion
contents : the significant feature being that sample "B" contains
approximately double the oxide content to that present in specimen

I!Aﬂ o
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5.2. MECHANICAL PROPERTIES.

The results embodied in Table 3. demonstrate the marked difference
between the tensile data of the inserts compared to the test block,
even allowing for ingot heterogeneity, and are the outcome of applying
a different forging technique in addition to using a differential

quenching operation in the heat treatment cycle.

The tenuous empirical relationship between tensile stress
and indentation hardness values has already been reported

(1) regarding No. 5. die steel.

Notch Toughness.
Longitudinal Charpy notched bar impact tests were carried out and the

toughness assessed in the temperature range of —20/+400°C. The
resultant curves (Fig 27) demonstrate that insert "B" has significantly

superior notch strength to sample "A",

Hot Tensile Data.

Sufficient spare test material was not available to obtain elevated
temperature tensile data from the two inserts. However, longitudinal
specimens were prepared from the small section of the upset forged

test block and were prepared in accordance with Fig. 28.

Tensile properties were assessed over a temperature range of 100 to
500°C. The tests being performed at a strain rate of 2 tons per

square inch per minute (3.1 Kg. per sq.mm) until the proof stress was
attained. Thereafter, the loading was increased to 8 tons per square inch

per minute (24.8 Kg. per sq. mm).

The results are embodied in Table 4. The data shows that with the
increasing elevated temperature the expected decrease in tensile and
proof stress occurs. It is interesting to observe that the reduction
of area shows that a trough exists between 100 to 40000., thereafter
ductility improves, (Fig 29).
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5.3 FRACTURE TOUGHNESS.

The theory used for measuring critical stress intensity factors,

and applying the result to predict maximum working stresses in the
presence of a given defect size, or maximum defect size for a given
working stress, is termed linear elastic fracture mechanics. The

theory rests on the foundation that overall stresses and strains in the
cracked body are approximately elastic in spite of localised plastic
behaviour near to the crack tip. In order that the theory and

methods are applicable, tests to determine Kc. must conform to linear
elastic conditions. These conditions are incorporated into the British

Standard for fracture toughness testing (34).

The first condition is that the test is carried out under approximately
elastic conditions. This is so if the crack tip plastic zone reaches
only about 1/50th of the distance across the ligament. A (Fig 31)
practical test of this is performed on the load/crack opening
displacement trace. In principle, the plastic zone contribution to the
trace is non-linear from the origin. The trace also becomes non-
linear eventually because of crack extension which produces a decrease
in the effective modulus of the specimen., Thus, if only crack
extension produces non-linearity, the load/C 0 D trace would return

on a straight line of less slope back to the origin on unloading.

In the practical case, both plasticity and crack extension contribute
to non-linearity. Their relative contributions are judged in the light
of experience in this way. If a 5% less slope than the original elastic
slope of the load/ C 0 D trace is drawn,  then their intersection is

at the load Pg. The deviation from linearity at PQ arises from both
plastic behaviour and crack extension. The deviation from linearity

at lower loads must contain a greater proportional contribution from
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the plastic zone than from crack extension, If we step back to

0.8 PQ the cracking contribution is typically very small. Therefore,
the British and American Standards for toughness testing require
that the deviation from linearity at 0.8 PQ (mostly plastic zone
effects) shall be less than 0,25 of the deviation from linearity

at PQ (combined plastic zone and cracking effects). If this is so
the test passes the first validity criterion and the Kﬁ measured

is a linear elastic quantity and may be termed Kc.

The second validity criterion required by Standards is only applied
if a minimum value of Kec. , namely‘Kic, is required to be measured.
Thus, the Kc. value is appropriate to calculating critical

defect sizes for through wall defects in material as thick as the
test specimen. Since Kco falls as the specimen thickness increases,
it is important to test at the thickness apprﬁpriate to actual
gservice conditions. Further comparisons of different materials are
in order so long as the Kc., values are for the same specimen
thickness. Beyond a certain thickness the Kec. does not fall
further., Thig is the thickness at which the fracture surface produced
is more than 95% flat and normal to the applied tension. This
fracture is termed plane strain because it results from rupture
through a plane strain plastic zone at the crack tip. Thus a plane
strain fracture is characterised by small shear lips. The Standards
recommend that the test specimen thickness must be at

least 2.5 Egg_g2 before it is sure that the fracture is plane
strain, Th;SZioice of the factor 2.5 is arbitrary but has been found
to ensure plane strain conditions for most materials, though many

fracture in a plane strain manner at thicknesses around 1.0 EKb ;2
@yﬂ
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In this project the toughness was to be measured over a range of
temperature such that the yield stress could conceivably fall by a
factor of two. On this count alone the range of thickness required
to maintain the thickness of 2.5 (Ke £ would vary by a factor of
four, 0f course the Kc. would alstZ: expected to change with
temperature. Such a variation of specimen thickness was not possible,
at the outset, in terms of the material available for testing.

It was therefore decided to choose as great a thickness as possible
in order to provide sufficient specimens from the material
available; in order that plane strain conditions were met at room
temperature, and further in order that the overall specimen size
(which is scaled to the thickness) would fit within a furnace of
reasonable dimensions, The tension specimen of Fig 32, :was the
final design chosen, After pre-fatigue cracking the notches, as
recommended by the British Standard (34) two specimens of this
design, in No. 5, die steel, were tested at room temperature in an
Instron machine. The results conformed to both validity criteria

and gave the following plane strain critical stress intensities -

Sample A' ch 62 koSait J_i;l.
Sample B, K, _ 80 kb bcinlin,

The load/C 0 D traces for these specimens are shown in Fig, 33.
This specimen design was subsequently adhered to and material

cut from the die material as shown in Figsy 34 and 35.

Fracture toughnesses were measured over the temperature range from
room temperature to 500°C, These tests, with only a single exception,
(shown in Table 5) all gave valid Kc, values, since they were linear

elastic tests according to the offset or deviation from linearity
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criterion, Though few of the elevated temperature tests met the
thickness criterion for a plane strain test, they are immediately
comparable from one material to another since we are comparing
Kc.  values at the same material thickness at each temperature.

The value 2.5 E E }2 is shown as )8 in Tables 5, 6 and 7.

G ys
Thus, where the thickness B is greater than JB the test would be a

plane strain measurement, Unfortunately, accurate values of the
elevated temperature yield stresses were not measured and, therefore,
the_jg values are based on room temperature yield values. The
validity tests on elevated temperature tests, other than at room

temperature are therefore of no real value.

In view of this lack of information on whether the Kec. values

were also K10 values macro-photographs of each fractured test piece
were taken, These are shown in Figs. 43, 44 and 45. The fractures

are flat plane strain fractures with almost no shear lips in all

cases with the exception of the tests on insert B. at 400°C. and
50000. It is concluded that all the tests excepting specimen
1A6T provide valid Ke. values, that the room temperature Kc,

values are valid ch values, and that the Kc's in all cases must be

very close to ch values because the fracture surface is

predominantly of the plane strain type.

All tests were carried out on an Instron machine with the furnace

mounted on the machine,
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Fig 38 shows values of Kc. for 1.25 inch thickness plotted against
temperature separately, for longitudinal specimens and transverse
specimens cut from Insert "A"., Room temperature values are low
in both cases. The rise to a maximum at 100°C. is followed by a
significant fall in both cases also. In general the longitudinal

specimens give a rather higher toughness than transverse specimens,

The results for longitudinal and transverse specimens of Insert "B"
are shown in Fig. 39, Here the longitudinal specimens are also of a
greater toughness in general, though the remarkable feature is

the sustained high toughness of the longitudinal specimens up to 30000.

Fig 40. shows the Kc. values for 1.25 inch thickness for the stepped
block material., Since the results are not extensive the longitudinal
and transverse specimens are plotted on the same graphs, which do not
therefore reflect the true variation of Kc. with temperature, The
large section maintains high toughness at least for the transverse
specimens, whereas the smaller section, given greater forging reduction,

shows low toughness except for the longitudinal specimen at 200°C,

A period of 20 minutes was allowed after the test temperature had been
reached, in order to reach near equilibrium temperature conditions.,
Tests were carried out at a crosshead speed of 0.2 cm/min, Figs.

36, and 37, show typical load/C 0 D traces from the X~Y recorder.

The results in terms of KQ are shown in Tables 5, 6 and 7. All but
one of these values are valid Kc's,, and so they are plotted as a

function of test temperature in Figs. 38, 39 and 40.
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These figures represent the variation of the Kc. for a fixed
thickness, namely 1.25 inches, versus temperature for each material.
From the fracture appearances of Figs. 43, 44 and 45 it would seem
unlikely that the shape of these curves (Figs, 38, 39 and 40) would
change significantly even if tests had been carried out at four
times the thickness actually used. (Indeed had such a thickness
been envisaged the furnace would not have been large enough nor the

5000 Kg, Instron load cell adequate t8 Conduct the tests).

Fig. 41. shows traces of load / C 0 D for samples from the stepped
test block, tested at 500°C. and room temperature, The vertical
scale gives the load in thousands of kilograms. Thus the room
temperature tests on the chosen specimen dimensions uses most of
the 5000 Kg. capacity of the Instron. KQ values are calculated

from =

% =_E9_W_% [29-6 %%{% - 185.5 E_%_;WZ

5/2 1/2 9/

+ 655,7 a - 1010 a + 638.9 (_a
W W W

H = PY
ence KQ ng?. 1

Where the stress intensity coefficient values of Y2 for specific values

of %- are obtained from standard reference tables (34).
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5310 THICKNESS FOR PLANE STRAIN FRACTURE.

The Mmerican and British (34) Standards for toughness testing require
a minimum thickness, B, for plane strain value of Ke, namely'ch, such

that -

B min, = 2.5 %_ﬁ_gz

Gys
Irwin & McClintock (47) have shown that the radius ry of the plastic
zone under plane strain plastic behaviour is given by -

T

Py = 0,05 f]{ ;2
qys

The B minimum is therefore about 50 times the radius of the plastic
zone which would ensure small shear lips., The shear lips are
expected to extend inwards to a depth of about the plane stress plastic
zone radius at each side of the specimen, The plane stress plastic
zone (47) is about three times the radius of the plane strain plastic
sone. In fact tests on some materials show that the toughness Kc
reaches a minimum value, Kic’ at smaller thicknesses than the B minimum
given above., If this was true for the die steel examined here then
specimens of less than 1.25 in. thickness would still show the
game Ke. values. These Kec, values for thinner specimens would then

be proved to be Kic values. It was decided to test thinner specimens

in order to estimate the real thickness requirement for plane strain

ic

fracture as distinct from the conservative thickness of 2.5 EK gz
Gys

as specified by Standards.

Sufficient material was available for eight specimens only, and these

were prepared in accordance with Table 8.
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TABLE 8.
Specimen, Size. Notch, Direction.

INSERT "A",

A, B&D 3" x 3" x 2"  1/16" wide x .2" deep.  Longitudinal.

El & E2 3n x 3n x 33 1/16" wide x .2" deep. Longitudinal.,

TF & TG v x qn x 43 1/8" wide x .3" deeps Transverse.,
INSERT "B".

I in x 1 x 43" 1/8" wide x .3" deeps Longitudinal,

The tests were conducted in accordance with the proposed method of

test for plane strain testing (34). After fatigue cracking of the notch
bend specimens values of KQ (candidate values of Kic) were calculated,
and checked against the validity criteria to determine whether or

not they can be considered valid ch results, The resultant

properties are given in Table 9.
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The individual test results for the notch bend specimens are shown
in Table 9, and the data for the various specimens are plotted

in Fig 42, against specimen thickness. Included in Fig 42. is

room temperature data obtained on 1,25 inch thick C.K.S. specimens
from similar material, Superimposed on Fig 42 are lines indicating the
limiting values of KQ which would satisfy the criteria of validity
and be termed valid Kic tests. It can be seen from Fig, 42a, the
figure with the most data, that at thicknesses below the limit of
validity there is an apparent increase in the measured value of Kﬁ
and, although there is very little data, Fig 42b. reinforces this
observation., The transition to plane strain conditions for the die
steel does therefore appear to be complete only at a thickness of

2.5 Eg%j .

5.4 LOSS OF FRACTURE TOUGHNESS AT ELEVATED TEMPERATURES.

This loss of toughness was unexpected and contrary to the view that
toughness is generally improved with increasing temperature, It was
decided to examine the fracture surfaces of selected specimens by
Stereoscan viewing. The fracture surfaces obtained in the series

tests are shown in Figs. 43, 44 and 45.
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Krafft (46) proposed a micro-mechanism for fracture in terms of the
linking of voids back onto the crack tip. The model allowed the
fracture toughness to be written in terms of the distance between
void centres, d, called the fracture process zone, the strain

hardening exponent, n, and Young's modulus, E, Thus :

Koottt En(z'ﬁ“dT)%

1lc

In order to investigate whether the toughness of the die steels
could be related to the spacing of the dimples on the fracture
surfaces specimens were examined in the scanning electron microscope
using a magnification of x 300 for comparison purposes. Fracture
tests at temperatures above 300°C. produced, unfortunately, badly
oxidised fracture surfaces which could not be examined., Since the
ductile dimples would characterize the material it was decided

to fracture round tensile bars at temperatures from 300°C. to 500°C
simply to produce fracture surfaces to examine., The tensile test
pieces were taken to fracture enclosed in a vacuum chamber.

The fracture surfaces, unoxidised, were therefore available for

examination.

Figs. 46 and 47 show fracture surfaces of die steel specimens from

insert "B",
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Difficulty in assessing what constituted a true dimple formation was

encountered. The following results were considered representative -

1A1L Room temperature 9 dimples.
1A3L 10030. 9 dimples. High toughness.
1A5L 20000. 8 dimples. High toughness.
1A7TL 300°C. 8 dimples.
1B1L Room temperature 8 dimples.
1B5L 20030. 8 dimples. High toughness.
1B7L 300 C, 7 dimples.
1B9L 400°C, 7 dimples with colonies of
, ductile zones.
seT  100°C. 7 dimples.
S3L 200 C. 7 dimples, High toughness,

It is evident overall that no distinct discrimination between the

dimple size of specimens possessing superior fracture toughness to that
existing at elevated temperatures can be noted, and this is particularly
the case with insert "B" on which the largest number of specimens was
available for examination. Furthermore, determination of dimple size is
not easily interpreted using this particular examination method.

Surface specimen oxidation, which occurred during the elevated
temperature toughness testing, left only one sample ~ 1B9L - tested at
400°C, for Stereoscan analysis. A definite change in structure can be
observed with this specimen, as colonies of very highly ductile flat

areas are present,

On selected fracture toughness specimens general Stereoscan examination
was undertaken on the transition area of pre~fatigue cracking and crack
propagation. The specimens were divided into five groups :i-

1. 1B1L -~ 1B9L,
2. 1B2T - 1B6T.
3. 1A1L -~ 1A3L.
4. 1A2T - 146T.
5. S3L - S2T.
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1. B-L Series.
The specimens examined in this series were originally tested at -

1B1L -~ room temperature.

1B7L - 30020.
1B5L - 200°C.
1BOL - 400°C.

see Fig 48.
Bach of the specimens examined showed a transition in fracture ranging
from fatigue to ductile, then changing to cleavage as the ductile zone
became wider with increasing temperature. Specimen 1B9L possessed a
fully ductile fracture below the fatigue zone.

2. 1B-T Series.

The specimens examined in this series were originally tested at -

1B2T - room temperature.

1B4T - 100 C.

1B6T - 2000C,

see Fig 49.

There was a ductile zone immediately after the fatigue crack in specimen
1B2T, and then the remainder of the fracture was cleavage. In the case of
the 1B4T and 1B6T specimens the ductile zone extended throughout the

fracture face, i.e. there was no cleavage fracture. Inclusions are noted

in the ductile fractures of 1B4T and 1B6T.

3. 1A-L Series.
The specimens examined in this series were originally tested at -
1A1L ~ room temperature.
1A3L - 10000.
1A5L - 200 C.
see Fig 50,
The 1AlL specimen had an almost completely cleavage type fracture - there
was a very small amount of ductile fracture in regions away from the

fatigue crack. Specimen 1A3L had a ductile fracture zone adjacent to the

fatigue crack but further away from the fatigue crack the fracture was the

cleavage type. Areas of cleavage fracture were observed within the fatigue

fracture of specimen 1A5L. The fracture immediately following the end of the
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fatigue crack was cleavage but, further away from the fatigue crack the
fracture was ductile.
4, 1A-T Series.
The specimens examined in this series were originally tested at -

1A2T - room temperature.

1A4T - 10000.

1A6T - 200 C.

see Fig 51.

The fracture of the 1A2T specimen was almost 100% cleavage with a very
small amount of ductile fracture in areas well away from the fatigue
crack. Specimen 1A4T had a ductile zone adjacent to the fatigue crack,
followed by an area of cleavage fracture, after which an area of mixed
cleavage and ductile fractures, furthest away from the fatigue fracture
can be observed. The fracture adjacent to the fatigue crack in specimen
1A6T was cleavage but this gave way to ductile type fracture further away

from the fatigue crack.

5. Stepped Test Block.

The specimens examined were S3L (at 20000) and S2T (at 10000), see Fig 52.
The specimen S3L had a completely ductile fracture; the fracture adjacent
to the fatigue crack in specimen S2T was ductile, but further away

from the fatigue crack the fracture was cleavage.

Hot Tensile Specimen.

As the Stereoscan examination of the compact tension specimens was
incomplete, because oxidised fracture surfaces tested in the 300-500°C. range
could not be viewed, it was necessary to consider what type of fracture test,
giving freedom from oxidation, would be of assistance. It was concluded that
a round notched tensile test piece, enclosed in a vacuum furnace control

unit, used in conjunction with the Mand tensile machine, would be acceptable.



In consequence the specimen size shown below was selected.
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notch radius .001"

//600

\\ \\ Diameter
b g

e

8o \\\
; “ \

E_H

The tensile specimens were heated to the temperatures of 300/50000.,

the vacuum furnace pressure being held at 2.4 x lC!-4

crosshead speed of 0.033" (.84 mm) per minute was used to fracture the

B.S.F.

mn. Hg. A strain rate

specimens, after which slow cooling in the protective atmosphere unit took

place.

Stereoscan Viewing.

Specimens were subsequently prepared for Stereoscan viewing. It transpired

that no significant differences in examined surface structures could be

noted between the tensile and compact tension specimens when viewed at

low magnifications. To assess any possible structural variation six

samples were viewed at x 2,

Compact ten51on sample 1A1L

700

originally tested at room temperature.

1B1L = " " " mn

" " n 1B5L - originally tested at 20020.

n " " 1BTL - originally tested at 300 G

" 0 " 1B9L - originally tested at 40000
Round notched tensile sample tested at 500 C.

The structures are noted in Figs. 53 and 54.

but predominently cleavage, is noted with specimens 1MlL, 1BlL and 1B5L.

n

A mixed mode of dimple,

An entirely different dimple ductile structure is associated with the samples

tested in the 300/50000. range. Surprisingly these dimple ductile structures
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are associated with the decay of fracture toughness.

This feature of dimple fractures being observed with falling toughness is
contrary to the popularly held view that dimple fracture is normal 1y
associated with ductile fracture whereas cleavage is representative of

brittle conditions.

The highest fracture toughness for No. 5. die steel is associated with
cleavage type structures, (Fig. 53), whilst reduction in toughness occurring
at temperatures greater than 20000, observed in Fig 54, indicates that a fine

dimple pattern exists.

Thomason (48) showed that inclusions and second phase particles contribute

in no small measure in determining the ductile-fracture process. They

form sites for the nucleation of internal cavities; such cavities coalesce by
a mechanism of internal necking to induce a fracture surface. The two systems
whereby second phase particles are transformed to a nucleus cavity consists
of :

1. The particles fracture under induced stress.
or

2. The stress system associated with the geometry of the
particle may cause a breakdown of the matrix?iarticle
cohesion bond.

That the Stereoscan examination of No. 5. die steel specimens show a distinet
change of structure from cleavage to a dimple pattern, and, furthermore, that
cleavage is observed with improved toughness, should be reviewed in light of
the work of Thomason in which the nucleation sites shown to be present with
specimens tested above 300°C. would offer the least resistance to crack

propagation.
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The general Stereoscan examination for the steels shown in Figs. 48-52
exhibits a mixture of cleavage and ductile structures. Comparing

the room temperature structure for the inserts it should be

remembered that insert "A" possessed lower fracture toughness than
sample "B" and, furthermore, the structure observed with fracture
toughness specimens tested at room temperature possessed a

cleavage type structure.



5.5 HOT TENSILE DATA AND STRAIN AGEING.

Detailed examination of the hot tensile data, (Fig. B5) revealed a
deviation in proof and tensile stress in the region of 250°C.
This suggested that strain ageing was exerting some influence upon

the loss of proof and tensile stress.

Baird (49) in surveying the published work on gtrain ageing,
particularly in considering dynamic strain conditions, (50) noted the
elements manganese, molybdenum and chromium reduce the mobility of
carbon and nitrogen atoms. He arrived at this conclusion
because the combined effects of the interstitial (carbon or nitrogen)
together with the substitutional solute (manganese, molybdenum or
chromium) were greater than the summed effects of a single
interstitial, say carbon, and a single substitutional, say molybdenum.
Baird considered that these carbide forming elements (molybdenum or
chromium) could retain a high concentration of carbon in solid
solution through a "solid solution" binding effect. This he termed
interaction solid solution hardening. The interaction solid
solution hardening is a possible explanation of high temperature
dynamic strain ageing effects. These effects can be clearly seen

as an increase in work hardening rate as temperature increases.

This gives rise to a peak when a 1% proof stress or a tensile stress

is plotted against temperature, as in Fig. B86.
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DISCUSSTION.

6.1 INSERTS.

Mechanical and Metallographic Properties.

Though the toughnesses of the two inserts were not compared on the
basis of ch, plane strain values, the comparison on the basis of Kc.
values at a fixed thickness of 1.25in, /is valid.,In fact

the local surface cracking on die inserts, which leads to their
withdrawal from service, occurs in areas of thickness from

below 1 in, to above 1 in., as shown in Fig 8.

In general the material taken from insert B. had superior Kec,’

values, as far as longitudinal specimens were concerned, in the working
temperature range 100°C. to 300°C. This is consistent with the

longer service life of insert "B" as compared to insert "A",

It would therefore seem that fracture toughness is a good property

on which to base the relative suitability of a material for die

inserts when the failure mechanism is surface cracking, Of course it

is not yet clear whether the toughness itself is the best criterion

for material selection, or whether a fracture toughness approach

to fatigue properties would give a better correlation with service

life, The latter is beyond the scope of this project.

The normal tensile properties indicate that the insert "A" material
has greater proof stress and ultimate tensile stress, by about 5 t.s.i.
in comparison with insert "B"., Thus, the greater strength properties

do not provide greater service life,
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The metallographic structure is similar in both inserts,

except that insert "A" has more pronounced banding, Further,
insert "A" has less oxide inclusions but more manganese sulphide
inclusions. It is not possible to make definitive interpretations
of the effects of banding, oxide inclusions or manganese sulphide
inclusions, on the high temperature toughmess, though clearly

this should be investigated more fully,

6.2 MECHANICAL AND METALLOGRAPHIC PROPERTIES OF THE
STEPPED TEST BLOCK.

The effect of upset forging, together with incorporating a

water quenching cycle in the heat treatment of No, 5. die steel
has demonstrated that the transverse tensile properties and notch
impact properties are superior to the transverse properties of the
inserts, The ratio of proof to ultimate tensile stress

has been increased to that present with the two direct forged oil
hardened and tempered inserts., The acicular tempered martensitic
structure of the stepped test block differs from the mixed
transformation structure present with the two inserts, The total
non-metallic inclusion content of the stepped test block is

higher than that present with the inserts,

6.3 FRACTURE TOUGHNESS .«

For the first time fracture toughness of No. 5. die steel has been
assessed at elevated temperatures, A rather surprising feature

can be observed by comparing the ambient temperature fracture toughness
to that existing at elevated temperatures, in that a decrease in
toughness is present at temperatures greater than 300°C, but from

ambient to 20000. a significant rise in toughness takes place,
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This improvement in toughness in the ambient to approximately
100°C. range has often been recorded in published literature for a
general variety of low alloy.steels. No., 5., die steel follows this
same pattern but, contrary to the generally held view that by
still further increasing the test temperature an increase in
toughness takes place with steels,basically irrespective of alloy

composition, has been disproved for No. 5, hot work die steel,

On the basis that all the high temperature results are readily
comparable because of the use of constant thickness specimens, the
Kc. values approach the true K.1c for this nickel-chromium-molybdenum
die steel. The elevated fracture toughness data of the"A" and "B"
inserts is compared on the basis of Kc. values for 1.25 in, thickness
since ch criteria were not met at all temperatures. This situation
did not arise in the case of the stepped test block in which
acceptable validity requirements were met, From the data obtained
with the eight small notch bend specimens, (Tables 8 & 9) there does

not appear to be any basis for reducing the thickness limitation

in the fracture toughness test method for No, 5, die steel.

In comparing the fracture toughness in terms of Ke. for 1,25

in, thickness of the two inserts obtained from identical sampling
positions, the room temperature fracture toughness of insert "B"

is clearly superior. The transverse properties for both inserts have
a maximum toughness at 100°c. thereafter, a decay occurs : it can
additionally be observed that the transverse toughness of insert "B"

is less erratic than that associated with sample "A",
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In the past the assessment of toughness has placed emphasis upon notch
impact toughness data, Transition data for No., 5., die steel has
demonstrated that using the notched test bar method an improvement in
toughness does occur., With increasing temperature, however, crack

propagation data shows this not to be the case.

The Effect of Non-Metallic Inclusions on Fracture Toughness.

Some (23) consider that low sulphur content helps to promote cleaner
steels and, in consequence, better fracture toughness. Others (29)
disagree and observe no difference in toughness between 5% chromium
hot work die steels processed either by air cast or electro-

slag melting.,

This investigation has shown, on the basis of cleanliness, when
comparing insert"B" containing a total area count of 0,190% non-
metallic inclusions, to insert "A" possessing 0,206%, that the latter
has inferior ambient fracture toughness, but critical non-destructive
testing examination proved, overall, that insert "B" contained more
inclusions than insert "A"; it must be recognised that the
metallographic examination had less total area assessment compared to
that carried out when ultrasonically examining the inserts,

As sample "B" has better fracture toughness, it must be concluded that
such inclusions, although not significantly different between each

insert, have not had the expected deleterious effect.
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6.4 STEPPED TEST BAR.

The upset forged test block on which totally valid Kicresults
were obtained received a varying amount of hot working, ranging
from 6,8:1 for the larger section to 17:1 for the smaller end,
and demonstrated that the longitudinal properties are reasonably
constant, but the transverse toughness of the smaller section,

which received the very severe amount of forging, has been

drastically reduced.

A similar toughness pattern exists with the test block to that
with the inserts, in that an increase in toughness from ambient to
100°C. takes place; thereafter, the similarity ends, as the
improved test block toughness is maintained at 300°C, before any
reduction occurs. Assessing these results, it is apparent that the
upset forged test bar suffers less reduction in toughness than
that corresponding to the two direct forged inserts,

Additionally, it should be noted that the heat treatment of this

test block consisted of water/oil quenching and tempering.

The hot tensile data of specimens obtained from the stepped test
block confirmed that the ductility, (as measured by the reduction
in area), shows a gradual fall-off from ambient tempersture

to 200°C, and a trough exists between 200°C, and 400°C. before an
improvement occurs. The elongation shows little variation with

temperature,
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6.5 LOSS OF FRACTURE TOUGHNESS.

No simple explanation for decreasing toughness with increasing
temperature is forthcoming, though it may be connected with

variation of the strain ageing peak seen in Fig 56.

General low magnification Stereoscan examination has failed to
reveal any distinct change from ductile to cleavage modes
associated with temperature change, although at high resolutions

a structural difference was observed which can be correlated to the

250°C, peaking noted with the hot tensile data,

6.0 STEREOSCAN EXAMINATION.

With the present state of the art in evaluating structures it is
generally considered that dimple fracture patterns are representative
of ductile materials such as low carbon steels, whilst a cleavage
conditions denotes a tendency to brittle fracture, On this basis the
Stereoscan analysis of No. 5., die steel, a material possessing not a
simple ferritic structure but transformation products does not
conform, as fracture toughness is at a maximum when a

predominently cleavage structure is present, whilst a dimple

ductile condition is associated with falling toughness.
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This evidence may appear contradictory to recently published work (51 )
on low carbon alloy steels which stated that the increase in ch
with increasing temperature (up to 12000) results in a change in the
microscopic mode of fracture from cleavage to ductile tear, It should
not be overlooked that the materials used (51) and the structures
obtained, with maximum testing temperatures, are totally dissimilar
to the work now under review., The measurement of actual dimple size

was difficult to interpret based upon the intercept method, but

no other metallographic assessment was possible,

It has recently been considered (48) that the matrix/particle
cohesive bond relationship sustains the inducement of ductile
failure, and that differing second phase particles would effect the
cohesive bond strength for the same equivalent volume fracture.

The difference in structure observed in Figs. 52 and 53, and with
the specimen 1B9L (Fig. 47) must be examined based upon the matrix/

particle relationship ( 48).

For No. 5. die steel the finer dimple structure shows small
nucleation cavities compared to those existing with the larger
cleavage structure — thus the cohesive strength would be at its

greatest with the latter condition.

In consequence, fracture toughness would also be in its maximum

state, This is particularly evident with the toughness structure in
that measurement of dimple size shows high river lines, whilst falling
toughness, particularly that measured at 500°C. indicates a flat plane

ductile~type structure.
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7. CONCLUSIONS.

Due to production requirements in the drop forge the use of relatively
small section insert size was employed, and the toughness examined.
Additionally, the fracture toughness of a stepped test block was
assessed, In consequence, it may be considered that the conclusions
reached need not apply to die blocks whose weight and cross section
are more substantial, Nevertheless, for the material examined,

it has been demonstrated that of the two inserts on which industrial
performance data was obtained, the insert with the highest fracture
toughness produced the largest number of crankshaft drop forgings.

Al though the production increase was only 402 crankshafts, it was the
opinion of the Forge Management that if this relatively small die life
could be maintained, the financial and production contribution would
be highly beneficial, even though the toughness data on which this
observation is based does not conform to ch specification acceptance
criteria though they are valid Kc, values., It is contended that the
data presented does form a basis in comparing the fracture toughness
between the two inserts. Additionally, it should be recalled that

"B" insert possessed a reduced tensile stress compared with the "A"

insert,

The difference between direct and an upset forging technique, when

. applied to No., 5., die steel, shows that the fracture toughness of

the direct forged inserts is inferior; however, it should be
remembered that a different type of austenitizing treatment was carried
out with the upset forged material, Furthermore, the difference
between longitudinal and transverse properties is minimised by
utilising the upset forged method, The valid Kic stepped test bar results

conform to specification criteria., It should additionally be recalled
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that a different cast was required to manufacture the stepped test

block,

3« The fracture toughness of No, 5, die steel has been established at
ambient and elevated temperatures, A surprising result has bheen
obtained in that an increase in toughness from ambient to

300°C. occurs, thereafter a reduction is observed,

4., The influence of limiting the sulphur content of hot work steels in
order to promote cleaner steels, which assists in improving toughness,
is not universally accepted. Furthermore, it must be recalled that

such evidence applies to hot work steels other than No. 5,

Insert "B" which contained the highest non-metallic inclusions, as
measured by a N,D,T, method, possessed the highest ambient fracture
toughness which tends to support the view that for No. 5. die steel the

observed inclusion contents are not deleterious to toughness.

It must not be overlooked that the majority of nickel-chromium-molybdenum
No. 5, die steel is purchased in the fully hardened and tempered
condition, at which stage die impression machining is carried out. It is
fully recognised in the drop forging industry that the lower the sulphur

content the greater is machinability impaired.

5. Further work would be required to relate the decay in the fracture

toughness of No. 5, hot work die steel,

A combination of factors must be considered when assessing the cause
for the loss of fracture toughness at elevated temperatures. Undoubtedly

this investigation has shown that dynamic strain ageing is present. A
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change is observed by Stereoscan.analyais in that a cleavage type
structure is associated with the highest toughness, whilst falling
toughness exhibits a ductile dimple pattern., Such factors, whilst
being shown to play an important part in the reduction of toughness at
elevated temperatures, are difficult to quantify. Future work might
include, if the apparatus is available, the total assessment of
dynamic strain ageing, as would a detailed study upon what effect

dislocations and carbide spacings have based upon Stereoscan analysis,

6. A possible practical implication for the drop-forger using No., 5, die
steel has been established, in that if premature cracking of the die tools
is being experienced, and all accepted remedial measures have not
improved the conditions, then die block pre-heating schedules should be

re—examined using the compiled toughness data.

This investigation has shown that maximum fracture toughness is

attained in the region of 100°C, It is therefore logical to use this as

a pre-heating temperature for the die tools prior to actual drop

forging, Additionally, it has been demonstrated that some previously
claimed ideas, whereby increasing such preheating temperatures will
automatically lead to better toughness, have been refuted when examined in
light of fracture toughness criteria —~ in fact, a possible reverse
situation may apply. The drop-forger, by judicious application of the
coolant, should aim to limit in service the die surface temperatures
attaining 400—50000., as this is the temperature zone where fracture

toughness is reduced.

Te It is readily acknowledged that no single test can be used to assess
potential die steels. Such parameters must include factors such as

hardenability, adequate wear assessment, mechanical properties, both at



8.

9,

ambient and elevated temperatures, and resistance to mechanical and
thermal fatigue. To this standard type testing of hot work die steels

should now be added fracture toughness assessment.

The two inserts examined show that the "B" sample, which produced the
largest number of drop forgings also possesses the highest fracture
toughness, measured at ambient temperature, but at elevatgd
temperatures the fracture toughness results of both inserts

followed a similar pattern, Therefore, by compiling data on No, 5. die
steel, relative to mass effect, structure and manufacturing techniques,
it may be possible by even measuring room temperature toughness to be
more able to quantitatively assist the practical wear of die steels.
This investigation has demonstrated that fracture toughness assessment

has direct everyday relevance to the metal forming industries.

The method of using either conventional Charpy or Izod notch data, to
predict the die steel pre-heating temperature to be employed,

should be approached with caution. The conventional notch toughness of
No. 5, die steel shows no energy loss at elevated temperatures, which
differs entirely to the fracture toughness results, in which a
significant change in crack propagation resistance characteristics

is noted. The employment of fracture toughness data to assess die block

preheating and operating conditions is to be recommended.

The art of die design, as yet, does not include detailed stress analyses
(commonly employed in the majority of general engineering component
design). In consequence, until this art is transformed into a more

scientifically-based subject, factors such as critical flow size

estimations, using fracture mechanics, may not yield a totally fruitful

result,
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COMPACT TENSION SPECIMEN WITH EXTENSION ARMS.
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Etched structure. ) x 100
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Etched structure.
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INSERT "A" LONGITUDINAL ROOM TEMPERATURE PROPERTIES.
t.

|
100,

%
q,%\ X= DATA FROM_BEND TESTS.
ek e
: (X)=DATA_FROM CKS TEST.

INSERT A" TRANSVERSE ROOM TEMPERATURE PROPERTIES

X= DATA FROM BEND TESTS,
(X=DATA FROM CKS TEST.
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Sample 1B1L. Room temperature x 300

Sample 1B5L. Tested at 200°C. x 300
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Sample 1BTL.

Tested at 300°C. x 300

Sample 1BIL.

Tested at -]U(l”t_;. x 300
Fig —-47-



Sample 1BI1L. Sample 1B5L.
¥R o)
> & 1 - L3 ]
Tested at room temperature. Tested at 200 C.

x 120. x 70

Sample 1BT7L, Sample 1B9L.
Tested at 300°C. Tested at 400°C.
x 210

x 120
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Sample 1B4T.

Tested at room temperature. Tested at 100°C.

Tested at 200°C.

Fig -49-




Sample 1AI1L. Sample 1ASL.

Tested at room temperature. Tested at 200°C.
x260 x 120

Sample 1ASL. .Sample 1A5L,
Tested at 100°C. ! Tested at 200°C. :
x 270 x 130



Sample 1A2T. Bample 1A4T,
Tested at room temperature. Tested at 100 C.
x 650, X 240,

Sample 1A4T. ) Sample 1A6T, o
Tested at 100 C. Tested at 2007C.
x 240, x 70.
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Specimen S3L,

Tested at EUUDC.
x 600

Specimen S2T.
Fig -52= Tested at 100°C.
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