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ABSTRACT

' The fracture behaviour of a medium strength bainitic steel
(SAE 4340 in the "as transformed and in the. "warm ’rolléd" condition)
and four carbon-manganese structural steels (in the hot rolled ferrite-
pearlite "con_dition) was investigated. The purpose was to isolate those
features of the microstructure which exert control over the fracture
properties. _

Th_e detailed nature of the microstructure of the steels was
studied with transmission and scanning electron microscopy, qualitative
x-ray analysis and quantitative metallography. An a.ttempf was made
to correlate the fracture behaviour with the microstructure through models
rclate the fracture properties to the unnotched tensile properties.

In the casé of the bainitic steels it was found that the carbide
morphology, dislocaﬁon suBstructure and prior austenite grain size have
the major influence on fracture properties. In contrast, the fracture
properties of the structural steels were controlled by the volume fraction

of inclusions and to some extent by the shape of the inclusions.
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CHAPTER 1

INTRODUCTION: A DEFINITION OF THE PROBLEM

1.1 Survey of the Literature

Increasing recognition is being given to the economic advantages
that high-strength low-alloy steels have to offer. Some of these advantages
include lower cost structural components, increased resistance to brittle
failure, and ease of forming welding and other fabrication procedures.
Service conditions require that the steel exhibits good toughnéss at service
temperatures.

The development of the strength properties of steels can be
illustrated by use of a diagram such as that shown in Figure 1. The base
line in the diagram is the relationship between yield strength and grain
size obtained by Pickering and Gladman. ‘

During the first half of this century, much of the steel produced for
use as hot-rolled products consisted of plain carbon and carbon-manganese
steels having a ferrite-pearlite microstructure. Because of concern over
fabrication problems, carbon contents were limited to about .25%. Yield
strengths were of the order of 50 ksi. It has been shown that the base
strength of these steels is determined by the ferrite grain size and the
lattice friction stress of iron. (Petch 1953) Additional strength is derived
from pearlite and solid solution hardening. (Pickering 1963, Grozier 1967)

Over the past ten years, high-strength niobium and vanadium grades
of carbon-manganese steels have been developed. The use of niobium and

vanadium increased the yield strength of these hot-rolled steels to about



65 ksi. This is due to their ability to refine grain size and to produce
precipitation hardening with fine dispersions of carbides, nitrides and
carbonitrides. (Gray 1965)

By adding small amounts of molybdenum and boron to low-carbon
base steels, it is possible to achieve yield strengths in the range of 70 ksi in
hot-rolled products. These low-carbon moly-boron steels derive their
strength from bainitic microstructures, with the amount of strengthening
related to the transformation temperature (Irvine 1957). During the past
ten years there has been considerable progress in the understanding of the
transformation structures in steel and in the correlation of the micro-
structural features with mechanical properties. As a result, it has become
possible to improve the properties of steel and to determine the preferred
method of obtaining the improved property when many methods are available.

An increase in one property can usually only be achieved at the
expense of another. This is particulariy so when increases in strength are
made. There is usually an accompanying reduction in ductility and toughness.

As strength levels in steels are increased, experience has shown
that two of the most important material properties for component reliability
are resistance to crack propagation (fractﬁre toughness) and resistance to
environmentally induced delayed failure (stress corrosion) (Ault 1967).

At high strength levels, unnotched tensile properties such as yield strength
and reduction in area have little bearing on component reliability. High
strength steels are susceptible to catastrophic failure at design stresses
considerably below their yield strength.

This growing understanding of the factors controlling the mechanical
properties of steels (such as those of high strength steels which contribute
to the behaviour mentioned above) has led to a variety of ways of achieving
desired strength and toughness properties. There are a number of continuous

cooling and controlled cooling methods to control microstructure and thus the



mechanical properties of steels. However, often these "conventional"

heat treatments of low alloy and alloy steels cannot always meet current
engineering requirementé for improved strength without sacrifice of
ductility and toughness. One of the avenues available for achieving improved
mechanical properties and thus improved reliability in high strength steel

is the use of combined thermal and mechanical treatments.

Thermal-mechanical treatments can be divided into three
"basic groups. The optimum in material properties are generally obtained
by using high deformations and a balanced alloy composition consistent
with dev'elopiﬁg the strength reQuired with each thermal-mechanical treatment.

‘The first of these groups is "deformation before transformation"
which includes low temperature thermal-mechanical treatment (ausforming)
and high temperature thermal-mechanical treatment. Ausforming can V
lead to improved strength without deterioration of ductility or impact
strength [(Duckworth 1964), or alternmatlively, for a given sti'ength level,
steels processed this way may be significantly tougher than conventionally
treated steel for a given strength level. The strength increase obtained
by high temperature thermal-mechanical treatment is not as great as in
ausforming, but ductility and fatigue properties may be significantly increased.

The éecond of these groups is "deformation during transformation"
(isoforming). Small improvements in strength may be achieved by iéoforming
(depending onthe subgrain size) but the main advantage is the consideréble
increase in toughness developed in low-alloy steels with low subzero impact
transition temperatures.

The third of these groups is "deformation following‘tran'sformation"-
which includes dynamic strain ageing and warm rolling. Dynamic strain
‘ageing produces considerable increases in strength in both quenched and
tempered steels and ausformed steels, however it appears to lower the
fracture toughness (Zackay 1965). The advantages of warm rolling vary with

steel composition and deformation temperature. Warm rolling usually



4

produces an increase in yield and tensile strengths, however ductility
and impact properties may increase or decrease. (Peterson 1963,
Uvira 1970). |

As was stated at the outset of this literature review, low carbon-
low a;lloy~ steels have recently been developed which derive their increased
strength from bainitic microstructures. These steels represent the
next "step up" with respect to strength level in hot rolled continuously
produced steels. Before discussing the benefits of thermal-mechanical
and bainitic microstructures, it would be useful to make some comments
on the relative merits of the bainitic transformation as a strengthening
mechanism.

Normally a homogeneous bainite transformation is difficult to
achieve in a low carbon steel because the bainite "C" curve is masked by
the ferrite curve. Molybdenum and boran have a greater effect in retarding the
ferrite transformation than the bainite transformation. Iklements such
as chromium depress the bainite transformation curve. Thus with specific
alloy combinations, it is possible to co:gltrol the transformation characteristics
to obtain uniform properties over a reasonable range of cooling rates.

If steels of roughly the same carbon content and with a reasonable
combination of strength and impact properties are compared, diagrams
such as that shown in Figure 2 can be constructed which illustrates the
combination of impact and yield strength properties obtainable. This’
diagram indicates that the properties obtained from a bainitic steel are
challenged at the low end by ferrite-pearlite steels and at the high end by
quenched and tempered steels.

In comparing the strength and impact properties of bainitic steels,
it is necessary to separate the upper bainite from the lower bainite. This
is due to the microstructural features which control the impact resistance.
The impact resistance of the upper bainite structure is controlled mainly

by the prior austenite grain size whereas that of the lower bainite structure



depends more on the bainitic ferrite grain size and the nature of the
carbides precipitated in the ferrite. The prospects for improvement
of bainitic steels then appear to lie mainly with thermal-mechanical
treatments. As far as upper bainitic steels are concerned, refinements
in austenite grain size and/or changes in carbide morphology and dislocation
substructure should produce improvements in impact pfoperties. Th'e
effects of controlled rolling are illustrated in Figure 3. With this comparison
it can be seen that for certain property combinations, there is a choice of
steel to obtain these properties. Controlled rolled bainites offer intermediate
strength properties wifh the added economic advé.ntage, of continuous
production.

The effects of thermal-mechanical treatments on D6-AC steel
(modified 4340) have been investigated by Ault (1967). An investigation
into thermal-mechanical treatments applied to bainitic steels was
conducted by Kalish (1965). An excellent review article concex"ning the
effects of thermal-mechanical treatments on engineering and tool steels

by Latham (1970) reflects the improvements that these treatments can

bring about.

1.2 Approach of the Present Study

As the strength of commercial steels is increased, increasing
emphasis must be placed on obtaining reliable estimates of the materials -
resistance to crack prdpagation. The resistance to crack propagation (or
fracture toughness) and Charpy impact energies offer ways in which to
include the material toughness in specifications and design procedures.

Just as the other mechanical properties of steel are related to
the detailed microstructure, so are the fracture toughness and Charpy

impact energy. Some limited experiments have been conducted in order



to-determine which features of the rﬁicrostructu‘re exert control over the
. toughness and which of these features exert the most effective control for a
given steel. .

The salient microstructural features which influence the fracture -
behaviour of steels appear to be gfain size, carbide morphology and .
distribution, dislocation substructure, and inclusions. The effects of
grain size on the cleavage stress of iron was originally studied by Cottre-lll
(1958). Carbide morphology and distribution has been studied to some A
extent by McMahon (1965), Danko (1957) and Timbres (1970). Turkalo (1958
and Embury (1966} have conducted studies into the effects of dislocation
substructure on mechanical properties; however, knowledge of its effect "
on fracture properties is sketchy. Inclusions have a marked effect 6n
the true fracture strain and Charpy shelf energy of steels. Their effects
have been reported by a number. of people, in particular, Sims (1959), |
. Lichy (1965), and Birkle (1966).. However,. quantitative information about
the effects of complex microstructures on the fracture properties of
steels is quite limited. |

There have been a number of models proposed which attempt to-
relate the plane strain fracture toughness to unnotched tensile properties
and a "size" which is related fo the microstructure (Krafft 1964, Hahn 1967,
Malkin 1971). There have also been attempts to determine emipirical relatibﬁs
between the Charpy sheﬁ energy and unﬁotched tensilek'.prop.erties
(Rosenfield 1971). The attractive features of these models and empirical
relations are that unnotched tensile data can be easily 'and economic_allyl
generated (as compared to plane strain fracture toughriess data) and’
that the large body of information relating the microstructure to unnotched
tensile properties can be used to assist in the development of .tougher alloys.

~ The purpose of this present work is to obtain more quantitative
information about the effects of microstructural variables on toughness

through their effects on the unnotched tensile properties. The investigation



is divided into two parts. Part A includes work on a high strength
steel (SAE 4340} in the upper bainitic condition and Part B, work on

four structural steels in the hot rolled ferrite-pearlite condition.



PART A

Bainitic steels can be produced either by isothermal transformation
or by continuous cooling. The continuously cooled bainites form and -
probably will continue to form the bulk of commercially produced baixﬁtic
steels. However, with continuously cooled bainites, there is ali'xiosfl
a limitless number of microstructures which can be produced through
variations in austenitizing temperature, rolling practice and coohng
rate. (Habraken 1967, Irvine 1969). To produce a reasonably uniform
and reproducible structure, the bainites investigated here were I;roduced
by isothermal transformation. A subsequent thermal-mechanical treatmént
was used to effect the desired changes in carbide morphology and distribution,
and dislocation substructure. Unnotched tensile and fracture toughness
data were determined for the "as transformed" and for the "warm rolled"
bainitic steels. This data was correlated with microstructural observations
in an attempt to isolate the variables responsible for changes in the

unnotched tensile properties and thus in the fracture toughness.



PART B

With lower strength steels (the structural steels), transition
temperature effects become more pronounced. The measurement of
fracture toughness becomes extremely difficult in the transition temperature
region because of the problems in maintaining constraint,inherent in low
strength material fracture toughness specimens (ASTM 1970). In this
work, fracture toughness tests were conducted below the transition
tempez.'ature range. Charpy impact tests were conducted over a range of
temperatures and transition curves plotted. The Charpy shelf energy was
used as a measure of the material toughness above the transition temperature.

It has been known for some time that the shelf energy of steels is
affected by the inclusion content. As mentioned before, there have been
some attempts to derive empirical relations between the shelf energy and
the unnotched tensile properties. An atlempt Lias Deen made here Lo relate
the Charpy shelf energy to the inclusion content by first relating the fracture
strain to the inclusion content through a model for ductile rupture
" and then relating the shelf energy to the fracture strain
(Rosenfield 1971). Again, evidence from microstructural observations

is drawn upon to support the predictions of the models.



CHAPTER 2

MATERIALS AND EXPERIMENTAL METHOD

2.1 SAE 4340

»

2.1.1 Heat Treatment

. The SAE 4340 steel was received from. United States Steel in the
form of 1x6x36 inch hot-rolled plate. The plate was cut into smaller test
samples 1/2x2x6 inches with the long axis of these test samples parallel
to the original plate rolling direction. This was done to eliminate any |
cross roliing effects in the subsequent thermal-mechanical treatments.

The heat treatment schedule used to put the SAE 4340 samples into
the upper bainitic condition is given in Figure 4. The samples were austenitizec
at 1000°C for 30 minutes. The samples were then quenched in a molten salt
bath at 450°C. Approximate heat transfer calculations indicate that an
average cooli_ng rate of about 60°C/sec could be expected with these samples.
The salt bath consisted of a 50 wt. % NaNO3 - 50 wt. % KNO3 mixture. |
The samples were isothermally transformed in the salt bath for 1 week.

After transformation, the samples were air cooled. The IT diagram
indicates that this treatment should produce almost 100%‘upper bainite in

the samples. Transmission electron micrographs of foils made from these

samples support this prediction (Shackleton 1965, Oblak 1967, Irvine 1965). -

2.1.2 Thermal-Mechanical Treatment

Several experifnents were conducted using different rolling .

10



11
temperatures to determine the warm rolling conditions for the 4340. The
warm rolling schedule used in this work is given in Figure 5. It was
chosen because it produced the desired microstructural changes, was
compatible with rolling mill capacity and produced a final test sample
thickness that was adequate for specimen machining requirements.

The 1/2x2x6 inch test samples were soaked for 15 minutes at
650°C in an electric furnace. The samples were then rolled in Stanat 6"
rolling mill. The rolling schedule consisted of 12 passes with a 3 to 4
minuté soak after each pass to maintain the sample temperature as near
to 650°C as possible. The samples were reduced approximately 35% in
thickness resulting in a final sample thickness of 0.350 inches. The
samples were then air cooled. The total thermal-mechanical treatment
time for each test sample was roughly 1 hour.

Oblak and Hehemann (1967) produced upper bainite in 5140 steel
at 546°C and then up quenched the materiai to 580°C and held it for 4 hours.
They found that the bainite lath interfaces were relatively immobile at
this temperature and that the high dislocation density of the laths was not
reduced significantly, Thus the 15 minute soak used here-should not have

much of an effect on the bainitic structure.

2.1.3 Chemistiry

The SAE 4340 steel used in this work was supplied by United
States Steel in the form of plate 1x6x36 inches. The plate was hot rolled
from a 300 1b air-induction melted heat. The chemistry of the steel is

given in Table I.

2.1.4 Microstructure, Carbide Morphology and Substructure

Transformation of the SAE 4340 to upper bainite was effected by an
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isothermal transformation followed by air cooling. The detailed micro-
structure of the ma.,terial in the upper bainitic condition is given in

the scanning electron micrograph in Figure 6 and the transmission electron
micrograph of Figure 7. As reported in the literature (Kelly 1961,
Shackleton 1965, Oblak 1967), the classical upper bainitic structure forms
as an aggregate of ferrite laths with carbides precipitated parallel to

and between the laths. The ferrite laths contain an extremely high
dislocation density. The crystallographic relationship between the ferrite
and carbide components of upper bainite indicate that the carbide in

upper bainite precipitates from carbon enriched austenite trapped between
the ferrite laths (Irvine 1965, Shackleton 1965).

Oblak and Hehemann (1967) conducted transformation studies
with a series of steels including SAE 1040, 5140, 2340 and two high carbon
high silicon steels. They concluded that the lath structure of the upper
bainite produced inthe SAE 1040 steel was identical to that observed in the
SAE 5140 and 2340 steels. Transformation in. the upper bainitic region of
the high carbon high silicon steels did not always result in lath-like
arrangements. Some of the bainites in these steels were characterized by
massive regions of ferrite with embedded carbides similar to those reported
by Shackleton and Kelly (1965). Upper bainite in the SAE 4340 steel
exhibits this lath structure with the carbides precipitated at the lath
boundaries. The carbides have a rod-like shape and are of the order of 1 s+~
in length. Substantial dislocation substructure is evident in the material.
(Figure 7)

The subsequent thermal-mechanical treatment (warm rolling) given
to the upper bainitic 4340 resulted in significant changes in the micro-
structure of the material. The microstructure is illustrated in Figures 8 and
9. Rapid and almost compiete spheroidization of the carbides has taken place.
Conventional spheroidizing anneals for steel usually require from 10 to 48

hours at temperatures near 700°C (Harrigan 1967) as opposed to the 1 hour
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warm rolling treatment at 650°C given to the SAE 4340. Comparison
of Figures 6 and 8 reveals that there is a refinement in carbide dispersion
and a marked reduction in the carbide aspect ratio. Rapid spheroi.di'zation
of carbides and refinements in carbide dispersions in steels as a result of
concurrent straining has been reported by Uvira 1970, Harrigan 1967, and 
Sherby 1969. This effect is quite evident in the 4340 as revealed by its
response to warm rolling treatments. -
C‘omparison of the transmission micrographs of Figufesﬁ and 9
indicates a further change in structure. In addition to changes in carbide
dispersion and aspect ratio, the warm rolling induces in the material a well
developed and clearly defined dislocation cell structure of about 1 micron in
size. Carbides in the material are located mainly at the cell boundaries.
Determination of the prior austenite grain size in the material was
attempted using an isothermal transformation technique to decorate the prior
austenite grain boundaries with proeutectoid ferrite, or to selectively
nucleate ferrite in prior austenite grains. | The results of one of these isotherma
treatments on the 4340 are shown in Figure 10. The darker areas in the
micrograph are ferrite and the lighter areas martensite. The prior austenite
grain boundaries are readily visible. These tests indicate a prior austenite

grain size of 10-15 4,

2.1.5 Banding

After the heat treatment used to put the 4340 in the upper bainitic
condition, marked banding was observed in the micros.tructure (Figure 11).
The bands in the case of upper bainite consist of regions of high carbide
_ concentration and regions of low carbide concentration.

There has been general agreement that banded structures in steels
arise from the effects of alloy segregation on carbon location. This

segregation originates in normal interdendritic segregation during ingot
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solidification and persists in some form intb the final_predﬁct e_e a laminar '
distribution (Jatczak 1952, Kirkaldy 1962, Grange»ié71).’ The reason
for the banded structure in 4340 comes about from the opposing :effects of
solution elements and carbide formers on the 1ocatioﬁ of carbon in austenite
(during soaking, cooling and transformation) through their effect on carbon
é.ctivity. (Jatczak 1952). The activity of' carbon is increa_se& in regions rich
in silicon, nickel and phosphorous and decreaeed in regiehs rich irx manganese
and chromium (Kirkaldy 1962). o

Another rea.son for the banded structure in as transformed 4340 is the

constitutional effect of the alloylng elements on shzftlng the A_ temperature,

resulting in premature or dela.yed nucleation of ferrite in cerfaln regions
(Bastien 1957). That is, the regions lower in carbon content nucleate ferrite
first and reject carbon to the regions already higher in carbon content, furth.er
delaying the nucleation :of ferrite in the high carbon region.

‘Other factors influence the degree, type and form of banding by their
influence on the degree of chemical segregation. Some of these may be
austenitizing temperature and time, diffusion rates of carbon and alloy elements,
cooling rates and the rates of nucleation and growth of the austenite
decomposition products (Jatczak 1952).

Studies by Jatczak (1952) on SAE 4340 indicated that isothermal
treatment at the ferrite pearlite nose (650°C) was more sensitive for developing
banded structureé than continuous cooling treatments. In this.work, a series
of samples of 4340 (sene Table 2) were austenitized, isothermally transformed
for various periods of tlme and then water quenched. The effects of the
isothermal transformation for 30 minutes are shown in F1gure 12. The dark
regions in the m1crograph are ferrite and the light regions martensite. The
bands appear to be in long strips parallel to the rolling d1rect1on and
perpendicular to the plate thickness.

The heterogeneous ferrite nucleation and its effects on subsequent

transformation is responsible for the banding observed both in the ferrite-
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. pearlite transformation and in the bainite transformation.

The warm rolling treatment tends to remove most of the microséopic
evidence of banding as illustrated in Figure 13. ,Thfs is due primarily to
refinements inthe carbide dispersion effected by warm rolling.

' Examination of the as transformed and the warm rolled SAE 4340
with the electron probe was co;lducted to determine if any alloy segregation
existed. The probe traverses on both materials indicated that there was

no detectable alloy segregation.

2.2 Structural Steels

2.2.1 Chemistry

The structural steels used in this work were supplied by the Steel

w e w4 e

heat number, chemistry, heat type and transformation characteristics are given

in Table 3.

2.2.2 Microstructure
The microstructures of heats 3441, 3450, 3458 and X65 are given in
Figures 14, 15, 16, 17 respectively. The. grain size and pearlite content of

the four steels is given in Table 4.

The steels exhibit pearlite banding with the bands oriented in the rolling
direction. The pearlite in the bands is very fine scale pearlite. The bands '
in heats 3450 and 3458 have a centre to centre separation of roughly 20 microns.
The bands in heats 3441 and X65 have a centre to centre separation of roughly
50 microns.

The banding in the structural steels comes about from the effects of

the alloying and impurity elements on the location of carbon in austenite
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through their effect on carbon activity (Jatczak 1952). The carbon activity |
would be increased in the regions rich in silicon and phosphorous and
decreased in the regions rich in manganese (Kirkaldy 1962). Again, the
constitutional effect of the alloying elements on the position of the A3
temperature could be involved in the banding phenomena (Bastien 1957).
In the case of the structural steels the regions lower in cz'xrbon content
nucleate ferrite first and reject carbon to the regions higher in carbon
content. The higher carbon content requires that ferrite and pearlite
nucleate in these regions. The result is the banded structure observed.
There are other factors which control the degree c;f banding and these along
with the two mentioned here are discussed in detail in section 2.1.5.

Examination of the four materials with the scanning microscope
revealed that there were inclusion stringers oriented inthe rolling direction
in heats 3441, 3450 and 3458, Information obtained from x-ray analysis
equipment coupled to the SEM indicated that the stringers were manganese-iron-
sulphur compounds.” In addition to the stringers in heat 3441, there were also
some globular inclusions. These were examined With the x-ray equipment,
The particles had a very high aluminum concentration and so are probably
aluminum oxide inclusions. ThisAﬁnding would be consistent with the
chemistry of heat 3441 (Table 3).

There were no inclusion stringers observed in the X65 material as such.
The inclusions present were in the form of small isolated spheres or in rows
of small spheres. Examination of these particles with the x-ray equipment -
indicated that they were manganese-iron-sulphur compounds. Quantitative

information about inclusions in the materials is given in the next section.

2.2.3 QTM Data

Detailed inclusion analysis of the four steels was performed by the

Steel Company of Canada with their Quantimet. The Quantimet obtains
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quantitative data on inclusions by electronically making point counts over
a given frame area. Each frame is divided into 160, 000 picture points,
and the information is obtained from the picture point intensities.

The results for the steels used in this work are given in Table 5.
The data are consistent with the chemistry of the steels listed in Table 3.
That is, the steel with the highest total inclusion area (3441) has the highest

sulphur content.

2.3 Mechanical Tests

“2.3.1 Compact Tension Tests

The fracture toughness specimens chosen for this investigation were
compact tension specimens (Wessel 1968, ASTM 1970). The details of this
specimen are given i Appendix A. .

The compact tension specimen was chosen for a number of reasons.
One of the most important was size. The final dimensions of the warm rolled
SAE 4340 plate test samples were 0.350 x 2 x 6 inches, which put a limit on
the specimen thickness. The compact tension specimens used were 2 inches
square by 0.25 inches thick. This allowed about 0. 050 inches of material for
machining the sample faces. The test plates were cut into blanks 0.25 x2 x 2
inches. The surfaces of these blanks were left "as milled". The notch was
then cut into the blanks. The notch was made with a 0.125 inch mill cutter.
The cutter was ground to form a 30 degree included notch angle and a notch
root radius of 0.002 inches. The notch orientation with respect to the rolling
direction of the plate test samples is given in Figure 18. This notch orientation
is termed "crack divider" (Embury 1967) with respect to the banding in the
plate sampies. . After the notch was cut, the samples were mounted in a

special jig and the pin loading holes were drilled and reamed. The jig
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insured that the pin loading holes were drilled in the correct position with

respect to the notch and that their axis was perpendicular to the sample faces.
The specimen thickness is the critical dimension in determining

the testing capacity of the compact tension specimen. The ASTM minimum

thickness réquiremeht for plane strain fracture toughness testing is given

by the equation .

lc 2
> —_— 7
B=2.5( o ) (ASTM 1970)

where B = specimen thickness.
This ASTM requirement can be expressed in terms of Irwin's plane strain

(31 c value (Irwin 1960)

K :
_ 1 Ic 2 .
Pic = 7B (G"y S .

that is, a true plane strain fracture toughness value can be obtained from a
compact tension specimen if pl‘c € 0.4. The ASTM requirement places

a very severe limitation on the minimum specimen thickness. There are some
data from the literature which suggest that the limitation should not be as
severe. Data from fracture toughness investigations of A517-F steel made

by Barson and Rolfel(Barsom 1971) indicate that plane strain conditions exist

in this material for (31 e 0. 6.Hahn and Rosenfield conclude that there is a
significant shift away from plane strain conditions when (31 c > 1.3 (Hahn 1967).
If this [31 c value and a thickness of 0.25 inches are used, the maximum plane
strain capacity of the 4340 specimens would be about 60 ksi Vin (assuming a
yield stress of 100, 000 psi) and the maximumn plane strain capacity of the
structural steel specimens would be about 40 ksi Vin (assuming a yield
stress of 60, 000 psi).

The compact tension specimens were fatigue pre-cracked according to
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ASTM specifications. The specimen surfaces at the root of the notch were.
polished so that the growth of the cracks could be monitored. The specimens
were fatigue pre-cracked with an MTS closed loop electro-hydraulic fatigue

rig using tension-zero-tension loading. Cracks of 0, 060 to 0. 080 inches in
length were grown in about 40, 000 cycles. The crack growth rate was A
about 10—6 inches/cycle. This corresponds to a stress intensity of less than

20 kéiJi-r: (Tetelman 1967) for both the 4340 and the structural steels, which

is within the ASTM recommended limits for fatigue cracking (ASTM 1970).
Because of the severe thickness restriction on the structural steels, it was
planned to conduct tests on these materials over the range of temperatures from
-120°C to -30°C. From these tests, it could be determined at which temperature
sufficient loss of constraint occurred to make the test invalid. Other |
tests could then be conducted at more suitablle temperatures. This method
proved to be satisfactory. Fra,—cture'toughnevss tests were conducted on the X65
and 3458 from -120°C to -30°C, and on the 3441 and 3450 irom -120°C to

-60°C. .

The fracture _toughn'ess tests on the SAE 4340 were conducted over the
range of temperatures from -120°C to 25°C.

The low temperatufres were obtained by using alliquid nitrogen spray
cooling system. Copper spray tubes 0.25 inches in diameter and bent in the
form of hoops, were fitted around the specimen grips. The spray tubes were
connected to a large liquid nitrogen dewar. Liquid nitrogen was pumped through
the spray tubes by pressurizing the dewalr with nitrogen ga.'s. The grips |
specimen and spray system were enclosed in a 4-inch thick styrofoam insulation
box. Temperature control was obtained by controlling the flow of liquid
nitrogen througl;l the spray tubes. The temperature of the specimen was
monitored by two copper-copper constantan thermocouples soldered to the
specimen just above and below the fatigue pre-crack. The specimen temperature
could be controiled to within + 5°C during testing.

The compact tension specimens were loaded with an Instron universal
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testing machine (Model TTC) at a crosshead speed of 0. 005 inches/minute.
Specimen opening displacements were monitored with an Instron extensometer
n}ounted across the notch on two stainless steel L-shaped brackets. The
brackets were attached to the specimen by means of small set screws. The

low temperature response of the extensometer was checked prior to testing by
immersing it in an ethanol and dry ice bath and using it to measure the
displacements of a cé.librating device. The results are shown in Figure 19. The
extensometer response did not appear to be significantly affected by the low
temperature.

After the fracture tdughness tests had been completed, the broken
halves of the compact tension specimens were removed from the grips as
quickly as possible and immersed in methanol, to prevent condensation on the
fracture surfaces. '.j['he specimens were dried, wrapped in tissue and stored
in a desicator. Some of these specimens were examine& later in the SEM.

The fracture toughness was calculated from both critical load
measurements using the ASTM 5% secant intercept method (ASTM 1970) and

from opening displacement measurements (Hoagland 1972).

2.3.2 Unnotched Tensile Tests

Small tensile specimens were machined from the plate test samples
of both SAE 4340 and structural steels. The orientation of the tensile
specimens with respect to the rolling direction is shown in Figure 18. The
samples are 0.125 inches in diameter and have a gauge length of 1.1875 inches.

The tensile tests were conducted with an Instron universal testing
machine (Model TTC) at a crosshead speed of 0.02 in/minute. The Instron
crosshead was fitted with a cage that allowed tests to be conducted in various
temperature baths. The tests were conducted over a temperature range of

—196°C to 100°C. Strength data were determined from the load-extension curves
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from each test. Accurate determinations of the diameters of the tensile
specimens in the necked region were made using a "Shadow graph". The

diameters were used to calculate true fracture strains.

2.3.3 Charpy Impact Tests (Structural Steels Only)

Standard size Charpy impact specimens were machined from the plété
test samples’ of the structural steels. The notch orientation with i'es:pect': to
the rolling direction is shown in Figure 18, This notch orientation is termed
M"crack divider" with respect to the banding in the plate samples . (Embury 1967).

Impact tests were conducted over the range of temperatures from |
-196°C to 170°C. The tests were conducted with a Tinius Olsen impact testing
machine.

The data were plotted against test temperature to develop impact

transition temperature curves for each of the four steels.

2.3.4 Notch Bend Tests (SAE 4340 Only)

Notch bend tests were conducted with sub-size Charpy specimens
6x6x44 mm in size machined from test plates samples of the as transformed
and warm rolled SAE 4340. The notch orientation of these specimens with.
respect to the rolling direction is given in Figure 18.

The notch bend tests were conducted with an Instron universal testing
machine (Model TTC) fitted with a three point bend jig anci cage so that' |
the tests could be conducted in temperature baths. The tests were conducted
over the temperature range of -196°C to 100°C. .

The nominal breaking stress and the general yield stress were

calculated using the equations



22

3 L
o = ——. - P
nb 2 5 dz nb-
3 L
= — - P
O-gy 2 B dZ gy (Allen 1965)

where £~ . = nominal breaking stress

nb

Pnb = nominal breaking load
o~ = general yield stress
gy g y
P = i -
by general yield load

distance between support rollers of the three point bend jig.

L
B = width of specimei.
d = depth measured on the reduced area at the base of the notch.

In order to determine the fracture stress of fhe as transformed and
the warm rolled SAE 4340, the results of the notch bend tests were plotted
against test temperature. When fracture of the notch bend specimen occurs

at general yield, the fracture stress can be expressed as:

f

where oy = uniaxial yield stress at the temperature at which

o~ = RG; (Uvira 1970) .

c’_-nb:c’-g-y -0

R = constraint factor related to the notch angle.

For the specimen geometry used here, R is equal to 2.18.
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2.4 Crack Growth Tests

2.4.1 Compact Tension Specimens (SAE 4340 Only)

The phenomenon of slow crack growth leading to catastrophic cleavage
failure was observed in the warm rolled SAE 4340 at intermediate test
temperatures (~ -70°C). In order to study slow crack growth in more detail,
three compact tension specimens were pre-cracked and loaded at -70°C.

The load displacement records from the original fracture toughness tests were
used to determine the maximum load to which the épecimens could be subjected
to achieve some slow growth without causing cleavage failure. The specimens
were loaded to this predetermined point and then unloaded. Two of the
specimens were then cooled to liquid nitrogen temperature and fractured to
provide a cleaved surface distinct from the ductile slow growth surface. The
third specimen was sectioned perpendicular to the specimen thic‘kness at the
specimen mid-thickness to provide a crack profile view.

The fractographic observations made with the scanning electron

microscope came from the regions of the specimens illustrated in Figure 20..

2.4.2 Unnotched Tensile Specimens

An examination of the unnotched tensile specimens machined from -
the as transformed and warm rolled SAE 4340 and from the structural steels
(3441) was conducted to determine the approximate magnitude of the strains
necessary to initiate voids in the material. These tests would also help to
indicate the void initiation sites and which sites were critical to the fracture
process.

Two types of tensile tests were performed. In one, the tensile
specimens were loaded until they had necked but had not failed; and in the

other, the specimens were loaded until they had failed. The specimens were
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sectioned at the specimen mid-thickness parallel to the tensile axis. The
tensile tests with the SAE 4340 were conducted at 100°C and those with the

structural steels (3441) were conducted at O C.

2.4.3 Charpy Impact Tests (Heat 3441 Only)

Examination of Charpy impact specimens machined from heat 3441
was conducted with the SEM.

To provide a crack profile view, several of the Charpy specimens
were struck a blow (at room temperature) amounting to about 25 ft. -1b.- -

The shelf energy of this material was determined to be 33 ft. 1b. The 25 ft. 1b.
blow produced a crack about half way through the specimens. The specimens
were then sectioned at mid-thickness parallel to the specimen length and
perpendicular to the notch root. The specimens were polished and then etched
with Picral. '

"Two surface specimens" (Embury 1971) were prepared from the
Charpy specimens, which had been broke;1 at room temperature, in the
following way.

The broken Charpy specimen was sectioned parallel to the specimen
length and perpendicular to the fracture surface. (That is, the section was
parallel to the original plate width and perpendicular to the rolling direction. )
The fracture surface was covered with laquer (to protect the details of the
surface) and then mounted, polished and etched with Picral. The specimens
were broken out of the mounts and ultrasonically cleaned in Acetone.

The polished and etched surface and the fracture surface could then be
examined simultaneously with the scanning electron microscope. The

"views" described above are illustrated schematically in Figure 2L,
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2.4.4 Notch Bend Tests (SAE 4340 Only)

Notch bend specimens machined from both the as transformed and the
warm rolled material were exammed in the SEM.

To provide a crack prof11e view, the load-;éxtension- curves obtained
from the original notch bend tests were used to determine the load to which
the specimens could be subjected without éausing failure. The specimens were
subjected to the predetermined load at two test t.emperatufes -77°C 'and,lOOOC.
The specimens wefe then sectioned at the mid-thickness parallel to the
spevcimen length and perpendicular to the notch, The specimens were polished
and then etched with Picral.

( "Two surface specimens" were prepared from broken notch bend

specimens tested at -196°C using the same method as dt;scribed in the previous

section. These were also examined in the scanning electron microscope. The

"views" described above are shown in Figure 21.

2.5 Electron Microscopy -

2.5.1 Transmission Electron Microscopy

Thin foils for the transmission electron microscope were prepared from
the as transformed and the warm rolled SAE 4340,

Small sections about . 050 x. 5 x .5 inches were cut from the test
plate samples of both materials. The sections were mechanically polished
to a thickness of . 005 inches. The sections were then chemically thinned in
a solution of 80 vol.% H 2 2 18 vol. % H O and 2 vol. % HF. Final
electropolishing was done in a 95 vol. % glacial acetic acid 5 vol. % perchlonc
‘acid solution with stainless steel cathodes at a potential of 30 volts.

The thin foils were examineci with a Siemens Elmiskop I electron

microscope.
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2.5,2  Scanning Electron Microséopy

Fracture surfaces‘ and polished and etchéd surfaces of the SAE 4340
and the stfuctural steels were examined in.the scanning electron microscope.
Sections of the fracture surface erre cﬁt from compact tension |
specimens and Charpy specimens with a dianiona saw. The sections were
ultrasonically cleaned in methanol, then v.va,sh,e;_d with methanol and dried.
The sections were then mounted on aluminuni studs with conducting paint and
examined with a Cé.rnbridge Stereoscan scanning electron microscope.

A The samples of material that were polished and etched were rough
polished with a series of emery  papers and final polished with 14 diamond
paste. The surface was washed and then etched §vith a 5% picral solution.
The picral etch proved to be more satisfactory than nita:I because its slower
etching rate allowed better control of the degree to which the surfaces were
etched.

The samples were ultrasonically cleaned in methanol then washed with

methanol and dried. The samples were mounted on aluminum studs with

conducting paint and examined with the scanning electron microscope.

2.5.3 X-ray Analysis

A Nuclear Diodes Edax x-ray analyser was used in conjunction with
the scanning electron microscope to obtain qualitative information on the

inclusions present in the steels.



CHAPTER 3

RESULTS AND OBSERVATIONS

The study of the fra cture behaviour of the SAE 4340 and of tile
structural ;teels involved a variety of mechanical tests and experirhental
techniques which are described in the Materials and Experimental Method
section. For the sake of clarity in reporting the data, the results a;.nd |
observations of this investigation will be reported in two parts. Part A for
the SAE 4340 steel and Part B for the structural steels. Each part will be
subdivided into Mechanical properties, Fracture topography and Crack growth
observations.

Many of the formulations of the plane strain fracture toughness given
in the literature are written as a function of the unnotched tensile properties
and/or the cleavage stress. Some of these relations will be used in the analysis
of the fracture toughness data in an attempt to explain the effect of micro-
structure on the mechanical properties and thus on the fracture toughness of
the steels.

Thus tensile tests and fracture toughness tests were conducted on the
SAE 4340 and on the structural steels over a range of temperatures. In the
case of the SAE 4340, the tensile tests were used to determine the IjTS, the
yield strength, the work hardening exponent and the true fracture strain all as
a function of test temperature. For the structural steels, the tensi.le tests
were used to determine the UTS, the yield strength and the true fracture strain
again as a function of teirnperature.

Notch bend tests were conducted over' a range of temperatures to
determine the cleavage stress of the 4340.

Because of the difficulty in obtaining valid plane strain fracture

27
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toughness data for the structural steels above -50°C due to specimen thickhess
limitations, Charpy impact tests were conducted on the structural steels over
a range of temperatures. Impact transition curves were obtained and the .
shelf energies used as a measure of the toughness above the transition
tempefatufe.

The fracture topography of the steels was examined extensively with
the scanning electron microscope. Only the micrographs showing features
considered pertinent to the discussion are given. Scanning electron micrographs
of the as transformed and the warm rolled 4340 compact tension specimens
tested at -120°C and 25°C are given. These représent the extreme in fracture
topography, provide a comparison of the two treatments and indicate the
changes that are taking place in the fracture mode. Scanning electron micro-
graphs of the structural steel compact tension specimens tested at -120°C
are given. Fracture toughness data from these materials indicated that
-120°C was the temperature at which all the specimens were sul;j ect to a
maﬁmum of plane strain at the crack tip and should thus provide a reasonable
basis for comparison of their respective topographies.

The crack growth observations reported for both grades of steel
consist of a series of scanning micrographs which reveal the aetailed nature
of the failure mechanisms in the materials. The orientation of the plane of the
micrographs with respect to the original test plate dimensions is indicated in
the figures. The significance of the micrographs can best be understood
by referring to Figures 20 and 21 which show the orientation of the various -

"views" presented.
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PART A: SAE 4340

3.1 Mechanical Properties

3.1 Unnotched Tensile Properties

The results of tensile tests conducted on the 4340 both in the as
transformed to upper bainite condition and after warm rolling are given in
the following figures. The tests were conducted over the range of temperatures
from -196°C to 100°C. Each point on the graphs represents a single test
result., . '

The UTS and vield stress values are given in Figure 22. The tests
results: show that the thermal mechanical treatment produces a reduction
in the UTS at all test temperatures. This amounts to about a 20, 000 psi
reduction at 100°C and about a 10, 000 psi reduction at -196°C. The as
transformed material did not exhibit a true yield point. Offset yield stress
values (0.2%) were determined and they are plotted in Figure 22. The warm
rolled material did eschibit upper and lower yield points. The data given in
Figure 22 for this material condition are the lower yield stress values. The
tensile data also indicates that the thermal-mechanical treatment does not
significantly change the yield stress of the material over the range of test
temperatures. )

The work hardening exponent is given for both material conditions in
. Figure 23. Each data point again represents a single test. The work hardening
exponent plotted here is defined by a true stress-true strain i‘elationship of the

form

o-ge® (Mendelson 1968, Tetelman 1967)
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where G true stress

strength coefficient

K
€ = true strain
n

work hardening exponent

The data indicate that the thermal-mechanical tréatment results in a
reduction in the work hardening index over all test temperatures.

The true fracture strain is given in Figure 24 for both material
conditions. As before, each data point represents a single test, The true

fracture strain used in this analysis is defined as

Gf = In —2 (Tetelman 1967)
Ag

initial cross sectional area

where A
o

’

A final cross sectional area

£

H

The test data show that the thermal-mechanical treatment increases

the true fracture strain over all test temperatures.

3.1.2 Fracture Toughness Properties

Fracture toughness tests were conducted with samples of the as
transformed and the warm rolled SAE 4340 over the temperature range from
-120°C to 25°C. The samples used in the investigation were pre-cracked
compact tension fracture toughness specimens, the details of which are given
in Appendix A. Load displacement curves were generated from the tests and
calculations of the fracture toughness were made from the load displacement
curves. In the case of the SAE 4340, fracture toughness values were calculated

in two ways. Determinations were made from both critical load measurements
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(ASTM 1970) and from opening displacement measurements (Hoagland 197,2)..

The load displacement curves obtained in the tests with the 4340.
can be grouped into four basic types and are illustrated schematically in .
Figure 25. The type of curve obtained was, of course, a function of test
temperatufe and material condition (ie. as transformed or warm rolled). A
fype-l, load displacement éurve consisted of an initial portion in which
there was a linear relation between load and displacement. This was followed
by a non-linear portion, followed by specimen failure. Subsequent examination
of the fracture surfaces indicated that slow crack growth occurred Before
instability set in. Further discussion of this phenbmenon' is given in later
sections.

Specimens exhibiting type 2 load displacement records, showed little
if any linear load-displacement behaviour. In these cases, the tests were ‘
stopped when the extensometer range had been exhausted. |

Type 3 and Type 4 load-displacement records were simlilar in that
linear load-displacement behaviour was observed right up until crack "pop-in"
occurred. In the case of Type 3 initial "pop-in" resulted in c omplete failure.
Type 4 behaviour was the result of multiple crack "pop-in", before final
failure. |

The fracture toughness data obtained from these tests are plotted in
Figure 26. The circles indicate data from critical load caluclations, and the
crosses from opening displacement calculations. '

The tests in which the maximum load at fra cture was not within the
ASTM 5% secant-intercept requirement for plane-strain behaviour (ASTM 197(_))
are indicated by full circles in Figure 26. These tests then, did not yield
true plain strain fracture toughness values due to loss of constraint in the
specimens. The other data satisfy the ASTM secant-intercept criterion and
are given as plane strain fracture toughness values.

Only a few of the data points satisfy the ASTM requirement for
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minimum specimen thickness in plane-strain fracture toughness testing

(ASTM 1970) as given by the equation

K
> lc.2
B¥2.5 (5" )

where B = specimen thickness.
This ASTM requirement can be expressed in terms of Irwin's plane-strain .

ﬁl c value (frwin 1960)

__1 (KIC)Zs
- B

0.4
Ty

By

C

Data compiled by Barsom and Rolfe (Barsom 1971) on grade A517-F steel showed
the same type of behaviour as that observed here. That is, the test data

satisfy the ASTM 5% secant-intercept requirement for plane-strain beha.vio;ir
but do not satisfy the ASI'M requirement for minimnm specimen thickness.
Analysis of the Barsom and Rolfe data indicate that plane strain behaviour- exists
for p =~ 0.6. Examination of the data obtained in the experiments conducted
with the SAE 4340 indicates that a good percentage of the plastic zone is
experiencing plane strain conditions for [31 c’)‘u’ 1.3. Hahn and Rosenfield argue
that there is a significant shift away from plane-strain conditions in the
material when A

ch 2 1

=) 5

> L3 i.e. when Bre 2 1.3  (Hahn 1967)

Thus the data on 4340 appear to be consistent with the Hahn and
Rosenfield approach to the stress state in the material. ‘Also, the speéimens in
which plane strain conditions were assumed to be present, failed cafastrophicélly.

Yield stress, fracture toughness and pl c values are listed in Table 6
for both the as transformed and warm rolled 4340. Along with this information -
is listed the type of load-displacement curve plotted for each test. In summary

then, the ASTM 5% secant-intercept requirement would indicate that the values
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obtained for warm rolled material at 250C and —30°C are not true KI ¢’
The Hahn and Rosenfield approach indicates that the values for the as
transformed material at 25°C and for the warm rolled material at 25°C,
-30°C and -70°C are not true K e The two determinations thus appear to

I
be reasonably compatible in their indication of stress state.

3.1.3 Notch Bend Properties

The result of notch bend tests performed on the as transformed and
warm rolled 4340 are in Figures 27 and 28 respectively. |

When fracture of the specimens occurs at general yield, the
cleavage stress of the material can be determined. The value for the as

transformed material was 344 ksi and that for the warm rolled 364 ksi,

3.2 Fracture Topography

3.2.1 Test Temperature -IZOOC

The as transformed SAE 4340 compact tension specimens failed
catastrophically at this test temperature. The specimens exhibited a type 3
load displacement record (see Figure 25). Initial pop-in led to complete
specimen failure. There were no observable shear-lips on the fracture
surfaces. A scanning electron micrograph of the failed..as transformed
SAE 4340 specimen is given in Figure 29. At this test temperature the as
transformed steel exhibits a cleavage failure mode (Bea:chem 1965, 1968).
Examination of the fracture surface with the scanning microscope i.ndica'ted ,
that the cleavage facets were of the order of 10 microns in size and that they
exhibited river markings characteristic of cleavage failure in steels.

A scanning electron micrograph of the warm rolled SAE 4340 is given
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in Fi;gure 30. The specimens exhibited a type 1 load displacement record
(see Figure 25). At this test temperature some slow crack growth preceded
specimen failure. Scanning micrographs and discussion of this slow growth
phenomenon will be given later. Macroscopic examination of the fracture
surface revealed that there were no observable shear-lips; however, thé :
fracture surface was very uneven as opposed to the flat fracture surface
exhibited by the as transformed material. ‘

At'this test temperature the warm rolled material exhibitsl a fracture
surface consisting of regions of ductile failure and of cleavage failure
(Beachem 1965, 1968) lined up roughly parallel to the direction of crack
propagation. Examination of the fracture surface with the scanning
microscope indicated that the cleavage facets were of the order of 10 microns
in size. Stereo scanning micrographs showed the ductile regions on the
fracture surface were in fact regions in which the material had been sheared.
These shear regions were inclined at roughly 45° to the surrounding cleaved
regions and in general separated cleaved regions of different elevation.

A composite scanning electron micrograph of this fracture surface was
made, covering a section of surface about 800 microns square at 400X
magnification. This study indicated that the sheared regions were isolated

from one another and they occupied less than 20% of the total surface area.

3.2.2 Test Temperature 25°C

The as transformed SAE 4340 compact tension specimens failed By
a series of "pop-in" steps (the multiple "pop-in" referre.d to before) followed
by catastrophic specimen failure. The specimens exhibited a type 4 load
displacement record (see Figure 25). Macroscopic examination of the
specimens revealed shear-lips of appro;cimateiy 1/4 the specimen thickness.

The center of the specimen exhibited a flat fracture surface.
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A scanning micrograph of the center flat protion of the as
transformed material is given in Figure 31. At this test temperature the as
transformed steel exhibits a fracture surface consisting of a uniform mixture
of ductile and cleavage failure modes. Beachem and Pelloux use the term.
quasi-cleavage to describe this type of fracture surface (Beachem 1965). * -

In steels containing fine precipitates (quenched and tempered stee-l_-s),..'é.
quasi-cleavage fracture surface exhibits some of the features of cl_eava.ge in-
the initia.ti:)n of facets and some of the features of plastic rupture in the
linking of the microcracks. The proportion of these two modes dependé on the
steel chemistry, heat treatment and test conditions (e. g test temperature).
Examination of the shear lips with the scanning microscope revealed that the
surfaces were covered with fine cusps characteristic of shear rupture
(Beachem 1965).

A scanning electron micrograph of the warm rolled SAT 4240 is given
in Figure 32. At this test temperature, the speéimens exhibited a type 2
load displacement record (see Figure 25). The specimens did not fail
catastrophically. Crack growth in these specimens was stable. Macroscopic
examination of the fracture surface indicated that the crack had followed planes
inclined at 45° to the specimen thickness. This type of crack growth behaviour
is characteristic of materials subject to plane stress conditions. The crack
follows planes of maximum shear stress in which the most ext;ansive slip and
void formation occur {Broek 1970). Hahn and Rosenfield describe this type of
crack growth as being characteristic of the "wedge-type" plastic zone .
associated with plane stress states (Hahn 1966). The load-displacement record
and the value of (31 o along with these macroscopic fra cture surface observa-.
tions, indicate that very little of the plastic zone was subject to plane strain
conditions. '

The scanning micrograph in Figure 32 is from a small flat area of the.

fracture surface adjacent to the fatigue crack. The fracture surface is covered
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in fine cusps 1 to 2 microns in size. There are also some larger cusps
present 5 to 10 microns in size. This surface is characteristic of normal
rupture (Beachem 1965). Examination of the Ashear lips of the specimen |
revealed that they were covered with fine cusps characteristic of shear

rupture.

3.3 Crack Growth Observations

The nature of crack growth in the SAE 4340 was studied in detail
using a series of controlled crack growth tests a,nci sectioning techniques.
(These are described in the Experimental Method section). The results and
observations made from compact tension, notch bend and tensile specimens

are given in the following three sections.

3.3.1 Compact Tension Specimens

The phenomenon of slow crack growth leading to catastrophic
cleavage failure was observed in some of the warm rolled SAE 4340 compact
tension specimens. The most extreme case occurred at a test 'temperature
of -70°C. The load-displacement record for this test exhibited a large non-
linear portion before specimen failure occurred. A scanning electron micrograph
of the fracture surface is given in Figure 33a. The micrograph at 20X
‘'shows the fatigue crack, the crescent shaped slow growth region and the
cleaved region. The detailed nature of the fracture surface is shown in the
higher magnification micrograph (Figure 33b). The slow growth region
exhibits a ductile failure mode; (Beachem 1965, 1968) the fracture surface being
covered in fine cusps roughly 1 micron in size. There are also larger cusps
5 to 10 microns in size, some of which have small inclusions at the centre.
Scanning micrographs of the cleaved regions show the cleavage

facets to be of the order of 10 microns in size.
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A scanning electron micrograph. show’ing the frécfure"surface of vone
of the slow growth specimens is glven in Figure 34a.. Except ‘for the
difference in w1dth the slow growth region in this specnnen is very similar
to that of the original fracture toughness specimen shown in F1gure 33a.

The surface is covered in fine cusps roughly 1 micron 1n size. ATh.ere are
also larger cusps 5 to 10 microns in size, some of which,haﬁ'e inclusions at
the centexj; ' A |

Scanning electron micrograpﬁs of th-é. slow growth specimens that
were sectioned at mid-thickness (crack'pl"ofile-\-riew)_are given in Figufes 35,
36, 37 and 38.. Each section is about 30 micro‘né below the preceding.
Figure 39a shows that last section after it had been etched. It shows the
carbide morphology and numerous voids associated with the crack tip. A
higher magnification photograph is given in Figure 39b. The cusps on the
fracture surface are quite evident. Some‘ of these cusps have carbides laying

in them.

3.3.2 Notch Bend Specimens

Results of the examination of the warm rolled SAE 4340 crack
profile specimen loaded at -77°C are given in Figure 40. There are numerous
voids associated with the main crack which have been initiated around the
carbides in the material. There is also a microcrack initiated ahead of the
main crack front. ) »

Scanmng micrographs of the "two surface specimen" are given in

Figure 41. There are a number of non-propagating m1crocracks visible.

3.3.3 Tensile Specimens

Scanning electron micrographs of the as transformed and the warm

rolled SAE 4340 tensile specimens which had been pulled until necking had
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started, are given in Figures 42 and 43 respectively. In both rmaterials there
is evidence of inclusion-matrix interface deco.he‘s‘iAQn. However, there were no
voids initiated at or around the carbides.

Figure 44 shows a scanning micro_graph of the as transformed tensile o
specimen which had been bulled to failure. Voids haire been initiated in the
material at cracked carbides and are present only in the vicinity of the crack
plane. | .

Scanning micrographs of the warm rolled tensile specimen which had
been pulled to failure are given in Figure 45, The voids in the material are
initi.ated around the carbides and are again present only in the vicinity of the
crack plane. The voids are in rows which make an angle with the crack plane of

about 450.
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PART B: STRUCTURAL STEELS

3.4 Mechanical Properties

3.4.1 Ul";notched Tensile Properties
For the reasons given at the beginning of this chapter a series of
tensile tests were conducted on the structural steels over a range of tempera-
fures. The range being from -196°C to 25°C. The results are given in
Figures 46, 47, 48. Each data point given in these figures represents a
single test. Some of the tensile data presented were courtesy of the Steel -
Comparny of Canada, This is also indicated con the figurce. 4
The UTS values for the structural steels are given in Figure 46,
The yield stress values for the structural steels are given in
Figure 47. The structural steels exhibited upper and lower yield points.
The data presented in Figure 47 are lower yield stress values, Thetrue
fracture strain for the structural steels is giXen in Figure 48. The true
fracture strain defined before as Ef = In Io— (Tetelman'1?67), is
plotted in this figure. The true fracture strair{ for alloys 3458, 3450 and
3441 is essentially independent of temperature above -IZOOC, whereas that

for X65 varies continuously from -196°C to 25°C.

3.4.2 Charpy Impact Properties

In an attempt to correlate impact data on the structural steels with.
fracture toughness data, a series of standard full size Charpy impact tests
were conducted on the structural steels. The tests were performed over the -

range of temperatures from -196°C to 170°C, so that transition.curves could
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be plotted. The results of the tests are given in Figure 49. FEach data pqinf

shown represents a single test,

3.4.3 . Fracture Toughness Properties

Fracture toughness tests were conducted with sarhples of the
structural steels. The samples used in the investigation were pre-cracked
compact tension specimens. These samples were of the same design as
those used in the testing of the 4340, the details of which are given in
Appendix A, Load displacement records were obta;ined from the tests and
caluclations of the fracture toughness were made from these curves. The
load displacement records from the tests with the structural steels can be
grouped into two basic types. These are types 1l and 2 illustrated in Figure 25.
The type of curve obtained was again a function of test temperature and
material. A description of the type 1 and 2 curves is given in seétion 3.1.2.

Determinations of the fracture toughness were made using the
ASTM 5% secant-intercept method (ASTM 1970). From these data, it
would appear that constraint had broken down in the X65 and 3458 samples at
about -55°C and in the 3441 and 3450 samples at about -90°C. The data are
plotted in Figure 50. The tests conducted at -60°C with the 3441 and 3450
material yielded no useful results.

Yield stress, fracture toughness and (31 c values for the structural
steels are listed in Table 7. Also listed is the type of load displacement record
associated with each test.

The Irwin (1960) (51 c values indicate that full plane strain conditions
did not exist in most of the test samples. Hahn and Rosenfield suggest that
the plastic zone ahead of the crack is intermediate between plane stress
and plain strain when [31 c 2% 2.6 (Hahn 1967). This means that only the 3458
and X65 tests at -120°C satisfy both the pI c and the ASTM 5% secant intercept

requirements for plane strain conditions.
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As the value of [51 c increases, an increé.singly larger portion of the
plastic zone is subject to plane stress conditions and the fracture toughness
tests 1 iel i . |

no longer yield valid KI c data |

Calculations of the fracture toughness were also made using opening

displacement measurements (Hoagland 1972). In all cases -except the X65

and 3458 tests at -120°C, the calculated K. was higher, in some cases 30%

1 .
higher, than the KI calculated from the critical load. The discrepancy between

the two calculations generally increased with increasing temperature.

3.5 Fracture Topography

3.5.1 Test Temperature —1200C

a) Heat 3441

The heat 3441 compact tension specimens _.exhibited a type l'load-
displacement record (see figure 25). Some slow crack growth preceded
specimen failure as indicated by the load displacement record. Macroscopic
examination of the fracture surface revealed that there were no observable
shear lips.

Scanning electron micrographs of the fracture surface are given
in Figure 5la. The low magnification photggré,phs (200X) indicate that the
fracture surface is very uneven. It appears as if the fracture surface is
divided into sections roughly parallel to eachiother and roughly parallel
to the crack growth direction, but at different elevation. Stereo scanning
micrographs of this surface bear out the observation (Figure 5lb). They also
show that the cleaved regions are separated by very narrow regions that are
perpendicular to the fracture surface. Often inclusion stringers were
observed in the narrow separating regions; for example, Figure 5lb shows an

inclusion stringer laying in the separating region.
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The fracture surface e_#hibits a cleavage failure mode (Beachem 1965,

1968). The cleavage facets are of the order of 10 microns in size.

b) Heats - 3450, 3458, X65

chh the same fractographic obse_rvatibns were;obf:a.ined_ from the
heats 3450, 3458, X65. For this reason, thef will be grouped together.

The heat 3450, 3458 and X65 compact tension specimens exhibite‘d
type 1 1oad-disp1ac-ement records (see Figure 25)¢ Some slow crack growth
preceded specimen failure as indicated by the load displacement records.
Macroscopic examination revealed that there were no observable shear lips
on any of the specimens. |

Scanning electron micrographs of the fracture .surfaces of heats
3450, 3458 and X65 are given in Figures 52, 53 and 54 respectively. In all
cases the fracture surfaces exhibit cleavage failure modes (Beachem 1965,
1968) with the cleavage facets being of the order of 10 £¢ in size.

Stereo scanning micrographs of the fracture surfaces did not reveal

any of the sectioning and elevation differences exhibited by heat 3441.

3.6 Crack Growth Observations

3.6.1 Tensile. Spe,éimens '

A scanning electron micrograph of a sectioned 3441 tensile specimen
pulled to failure at 0°c is given in Figure 55. The rolling direction is
roughly perpendicular to the plane of these micrographs. These micrographs
represent a view corresponding to the polished plane of the "two surface
specimen"” shown in Figure 21,

There are numerous voids in the material which are present only in



43

the vicinity of the crack plane. The voids do not appear to be related
to the pearlite banding. Close examination of the voids revealed that some
of them had inclusions at their centers. The micrograph indicates that the

approximate void spacing is 75 microns.

3.6.2 Charpy Impact Specimens

A’scanning electron micrograph of the crack profile viéw ﬁspec.irnen
is given in Figure 56. There are only a few voids ahead of the main
crack. ‘These voids appear to have been initiated around inclusions in the
material,

Scanning electron micrographs of the two surface specimen are given
in Figures 57a, b, c, d. |

Low magnification micrographs (example Figure 57a) reveal two
things. One is that the fracture surface is lined in the direction of crack-
propagation with deep grooves., The second is that between the deep grooves,
there are much shallower grooves with a spacing that roughly corresponds
to the pearlite band spacing. Higher magnification micrographs (Figures 57b,
d) reveal that the deep grooves in the fracture surface correspond to regions
of extensive tearing on the polished surface. Associated with the heavily
torn regions are numerous voids which have been initiated at inclusions in
the material. It would also appear from these micrographs that thé inclusion
and thus void density is much higher in the torn regions than in the surrounding
material. (The plane of the micrographs of the tensile specimens shown in
Figure 55 is the same as the polished surface of the two surface specimen
shown here.) -

. Examination of the deep grooves on the fracture surface revealed that

the walls of the grooves were made up of a series of small steps consisting
of a mixture of cleavage and of shear rupture (Figure 57c). The depth of these
grooves is closely related to the extent of tearing that is evident on the polished

surface.



CHAPTER 4

ANALYSIS AND DISCUSSION

4,1 Proposed Method of Analysis

The data reported in this work from mechanical tests and from fracto-
graphic observations indicate that different failure mechanisms are involved
in the fracture behaviour of these steels depending on temperature and compo-
sition. Fracture topography and crack growth studies best support this
conclusion. The models used here to describe the failure mechanisms are a
critical stress model, a critical strain model and a hole growth model. These
will be described in more delail later, .

The critica‘,I stress model is applicable when the tensile stress ahead
of the crack is raised through plastic constraint and/or work hardening to the
cleavage stress of the material. Catastrophic failure results, The model
used here is that developed by Malkin and Tetelman. It expresses the fracture
toughness in terms of the mechanical properties of the material. The effects
of microstructure on these controlling properties will be examined and discussed.

The critical strain model becomes applicable when the stress
concentration r‘eferred to above is not sufficient to generate stresses at the
crack tip of the order of the cleavage stress. The criterion for fracture is |
that a critical strain be reached in a volume of material (called the "process -
zone") ahead oflthe crack. Two formulations of this model will be given;
one based on energy considerations, and one based on plastic strain consider-
ations. The models will be used to predict tﬁe size of the process zone.
Evidence from fhe microstructure will be given in support of the predicted
zone sizes. The effect of microstructure on the controlling parameters and
thus on fracture toughness will be discussed.

The hole growth model is applicable to tough materials which fail
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in a ductile fashion. The model will be used to correlate the fracture

strain and Charpy shelf energy with volume fraction of inclusions.
Evidence based on microstructural observations will be given

in support of the model prediction regarding hole initiation sites and the

coalescence mechanism.

4.2. Pertinent Data in Support of the Method of Analysis

At the lowest test temperature, the as transformed and warm
rolled SAE 4340 fail by a cieavage mode. Scanning electron micrographs
of the as transformed 4340 broken at -120°C are given in Figure 29. The
cleavage facets are roughly 10-15 & in size which is about the same size as
the prior austenite grains. The bainite ferrite plates are about 2 to 3 microns

wide. The K. value for this material and test temperature was found to

1
——w

— 1
be 32 ksi fin (from Figure 26) and the calculated G c value was 28 =

. I . 2 ’
0. ;b is consistent with the energy requ]il}:ed

to initiate plastically induced cllgavage failure in steels (Tetelman 1967).

A crack extension force of 28

Similar conclusions can be drawn concerning the warm rolled 4340 at this

test temperature. There is a difference in fracture topography (see Figure 30)
in that the fracture surface exhibits cleaved regions separated by narrow
sheared regions. The sheared regions contribute to the higher fracture

toughness of the warm rolled material. The K c value for this temperature

1
. . ; . in. 1b
is 62 ksi yin  (from Figure 26) and the calculated GI c value is 114 .nz .
This GI value is about midway between the energy required to initiate
c

plastically induced cleavage failure and that to initiate plastically induced
normal rupture in steels (Tetelman 1967).

The structural steels also exhibit a cleavage failure mode at a test
temperature of -120°C (see Figures 51, 52, 53, and 54). However, since they

have a lower yield stress than the 4340 at all test temperatures, they are
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intrinsically tougher. Heats X65 and 3458 have K. _values of aboﬁt

“Ic .
58 ksi Vin which lead to a GI c value that is about 110 _1__1121_13. A-crack
extension force of 110 -1-11—21—b suggests that these two.stégls could be groupeci

with the warm rolled and the as transformedl4340 with respect to failure
mechanism. That is faiiure in these materials cou-ld be described by a
critical stress model. (It musf be noted _he're tha;t the cleavage stress,
determined from notch bend data, was used as a.measure of the critical
stress for fré,cture) | |

The K. value for heats 3450 and 3441 is about 75 ksi Yin at

Ic
-120°C. This leads to a Gy  of roughly 170 i%b— which is about 2/3

the energy required to initiate plastically 1nducé1& normal rupture in steels.
These two steels are then, beyond the scope of the critical stress model.
The above calculations of K. and G, _are based on the premise

Ic Ic
that plane strain conditione exist in the materi

2le at the test tomperature.
The BI . values for the as transformed and warm rolled SAE 4340, Heats X65
and 3458 are 0.34, 1.04, 1.56 and 1. 20 respectlvely (These values are
based on critical load determinations of KI c). These values suggest that
almost full plane strain conditions exist in these materials at —IZOOC_.

Heats 3450 and 3441 have a §, _ value of about 2. 5 at this test temperature
indicating a stress state intermediate between plane stress and plane

strain in these materials at -120°C.

As the test teinperéture is raised, a point is reached when plastic
constraint and work hardening are insufficient to raise the stress at the
crack tip up to the cleavage stress of the material. Wheh this happens,
as long as plane strain conditions exist, a critical strain model for fracture
can be applied. {31 . values for the as transformed 4340 indicate that the
stress state is essentially full plane strain to about o°c.

Scanning electron micrographs of the as transformed SAE 4340

broken at 25°C are given in Figure 31. The steel exhibits a quasi-cleavage

failure mode. The cleavage facets present are again of the order of the prior
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austenite grain size (10-15 /). The K c value for this test was 64 ksi \/, in

I .
(from Figure 26). The calculated GI o value was 121 E—Z}'—b- . This crack
extension force is about midway between the energy reqlt?ired to initiate

in. I1b

plastically induced cleavage failure (20 ) and that for plastically

induced normal rupfure (240 _i_n;zll?) in stiélel (Tetelman 1967). Plane strain
conditions in the warm rolled r%{é.terial appear to have br;)ken down

at about -50°C. Scanning electron micrographs of the warm rolled material
tested at 25°C are given in Figure 32. Due to loss of constraint, true

KI c values could not he determined. _

Constraint in the structural steels breaks down at test temperatures
of -60°C or less. Since the structural steels also exhibit a transition
temperature (see Charpy data), the low temperature description of failure

in these materials is further complicated by mixed mode failure in the
transition temperature region. Above the transition temperature, the
structural steels are relatively tough énd thus plane strain conditions cannot
be maintained in the compact tension specimens. The failure mechanism can
best be described by a hole growth and coalescence model, which is sensitive
to the stress state, the inclusion morphology and the inclusion content of

the steels,

In summary then, the problem of describing the failure mechanism in
the steels and relating the failure mechanisms to the detailed microstructure
will be handled in the following way (see Table 8). A critical stress rﬁodel
 for fracture will be applied to the as transformed 4340 over all test
temperatures, and to the warm rolled 4340 from -120°C to about -50°C.

Since the cleavage stress for the X65 and the 3458 heats of structural steel
was not determined, the critical stress model could not be applied to these
steels. The critical strain models will be applied to the as transformed and
warm rolled 4340 over essentially the same temperature range as with the

critical stress model. There is an overlap of the critical strain and critical

stress models because it is difficult to decide at which temperature the stress
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ahead of the crack tip can no longer reach the cleavage stress of the
material. An attempt will be made later in the discussion to define

the conditions for the change from critical stress to critical strain inodels.
A hole coalescence model will be applied to the structural steels in the

shelf energy temperature range.

4,3 Critical Stress Model

»-

4.3.1 Details of the Model

Malkin and Tetelman have developed a simple model to determine
KI c in terms of the microscopic cleavage stress O‘f*(the localized fracture
stress of microscopic regions, of the order of the grain size, near the
crack tip), and the tensile yield stress 0 y for low temperature cleavage -
failure (Malkin 1971). Their model was developed for reactor grade steels,
(room temperature yield stress of 50 ksi) énd applies at sufficiently low
;;* £ 3.4. When the critical displacement is

small and the structure is large, unstable fracture occurs before general

temperatures where

yield and fracture mechanics can be used to relate opening displacement to
the critical plastic zone size (RF) which is in turn, a function of stress
intensity (KI c) and of yield stress. The plastic zone size is determined
by the criteria for localized fracture of microscopic regions near the crack
tip. Cleavage occurs in steels when the tensile stress in the plastic zone
ahead of the crack builds up to a critical value O“f* wfzich is a function of
grain size and other microscopic variables. - 7

The Malkin and Tetelman model will be briefly described here.
This model is based on Hill's (1950) expression for the longitudinal stress
distribution in the plastic zone under plane strain conditions for rigid
perfectly plastic materials. Under plane strain conditions, the plastic

zone shape can be predicted by slip line field theory (see Figux_'e 58).
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max. ” »
Then oyy 0 = Oy [1 +1n(1+—§—ﬂ R‘-fop
max. . i 3:
where Cyy = maximum longitudinal tensile stress
P = root radius of notch.

By equating the external bending moment to the sum of the
internal bending moments resulting from the longitudinal stress distribution
(Wilshaw 1968), and by expressing the plastic zone size R as a function of
the yield stress and the stress intensity parametér (McClintock 1965),

Malkin and Tetelman have shown that

K _(p)=2.89 oy [exp(g_;* -1)-1] /2 VP

As reported in the literature, it has been shown that for P £ Po

(where /00 is the éffective limiting root radius of the notch), the fracture
toughness no longer decreases with decreasing f’o. (Cottrell 1965,
Shoemaker 1965, Irwin 1964, Malkin 1971). That is, the effective limiting

root radius sets a lower limit on K c and prevents the toughness from

I
becoming negligibly small in sharply cracked structures.

With this assumption then,

o fx
Ic o

-15-1:'1/2 \rrs

4.3.2  Application of the Model to SAE 4340

K =2.89 0y Eexx:(

The Malkinr Tetelman model outlined here can be applied to the as
transformed aﬁd warm rolled SAE 4340. It is possible to predict values of

fracture toughness from experimental measurements of the cleavage stress,
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the yield stress and the effective limiting root radius.

.The values of o f* for‘ the as transforn_ried and warm rolled material
as determined from notch bend data are 344 ksi and 364 ksi re:spectively.
Thfe yiel& stress as a function of temperature has been determined. The
effective limiting root radius for the as.tl.ﬂansfofméd and wa_rm».'rolled :

material can be estimated by substituting measured K., o fk and 'y

Ic
values into the Malkin-Tetelman equation. Using these values for the 4340

at the test temperature -120°C, the value offoo for the as transformed

material is 2.5 x -10_3 in and for the warm rolle_d material 6 x 10_3 in.

Malkin and Tetelman have determined Po for a ferrite-pearlite steel. The
value they obtained is 5 x 10-3 inches. Malkin and Tetelman also estimate
Po for A302B and A533 grade steels to be 2 x 10_3 inches. The estimates
of /Do for the 4340 thus seem to be in accord with previous estimates.

If it is assumed that O'E. * is essentially temperature independent at
low temperatures (Knott 1966 , Oates 1968 ), the estimated values of/D o’

yield stress data, and G—?t" values can be used to predict KI c 282 function
of temperature. The predicted curves are plotted in Figure 59 along with
measured KI o data.

Values of yield stress, fracture toughness, predicted fracture
toughness, —%—:%— and GI c are given in Table 9 as a function of test

‘temperature. The predicted K o values are in reasonable agreement with

1
the experimentally determined values for the as transformed material up

to about -30°C. The value is 3.28 at this test temperature. The

-
y
prediction for the warm rolled material is reasonably good up to about
" ~
-70°C. The —%—f;— value for this temperature is 3. 37.
Summarizing the data for the SAE 4340, it appears that the critical

. 0——f>:: .
stress criterion for cleavage fracture applies when oy af-'_g 3.1, when

GI c is low and ‘when the fracture surface exhibits a predominantly cleavage

failure mode.
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4.3.3 Controlling Pa.rameters ((Tf*, G';r, /Do)

The material parameters that influence the fracture toughnessi at
low temperatures according to the critica.l stress model are the cleavage .
stress, th;a tensile yield stress and the effective limiting root radius of the
notch. In the analysis of the reactor gréde steels, Malkin and Tetelman
have assumed that Fo is a material constant and that it is not a function
of temperature. They base this assumption on the fact that every class
of materials appears to have a single value of Po They have also
determined that the cleavage stress is independent of temperature over the

temperature range for which the critical stress model is valid.

If these assumptions are made for the 4340, then for a given
test temperature, the differences in fracture toughness between the as
transformed and warm rolled material can be attributed to differences
in the cleavage stress and in the effective limiting root radius. ‘ And, for
a given material condition (either as transformed or warm rolled), the change
in fracture toughness with temperature can be accounted for by the temper-
ature dependence of the yield stress,

Then, in the temperature range in which the critical stress model
is valid, it is possible to predict the temperature dependence of the fracture
toughness of the 4340. It remains to examine the effect of microstructure on
the controlling parameters of the critical stress model, in order to draw
some conclusions as to the effects of microstructure on fracture toughness-

and the origin of the benefits of warm rolling.

4.3.4 Effect of Microstructure on the Yield Stress

The results of tensile tests conducted on the 4340 materials indicate
that there is no significant difference between the yield stress of the as

transformed material and the yield stress of the warm rolled material.
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Transmission and scanning electron micrographs appear to be in
disagreement with this data in that they reveal marked changes in both
carbide morphology and dislocation substrﬁcture. This apparent contra;
diction can be rationalized by reference to some basic concepts of the
theory ofiyielding in dispersed systems. The major theories of yielding
in dispersed systems predict that the yield strength should vary as the
reciprocal of the particle spacing 6r as the reciprocal square root of
some effective grain size.

Transmission electron studies of the two materials indicate that
the carbides in the as transformed material are 'rod shaped, whereas those
in the warm rolled material have a much smaller aspect ratio. It also
appears that the carbide spacing in the materials has not been significantly
changed by warm rolling. It is of the order of 1 4 in both materials. |
If the as transformed 4340 had been given a spheroidizing an.nelal (instead
of a warm rolling treatment), then a drop in the yield stress would be
expected. This is due to the fact that spheroidized carbides are a less
effective barrier to slip processes than are rod-shaped carbides. However,
the warm rolling treatment produces a dislocation cell structure that is
pinned by the carbides. Since the carbide spacing has not changed, the cell
structure in the warm rolled material has roughly the dimensions of the
carbide spacing in the as transformed material. Evidence in the literature
indicates that cell walls of the fype observed in the 4340 are effective barriers
to slip. Turkalo (1958) observed that the carbides in spheroidite pin
a dislocation cell structure similar to that observed in the warm rolled
4340. Embury (1966) showed that the flow stress of rolled and drawn
pearlite varied as the reciprocal square root of the dislocation cell size.

The result is that the effective grain size has not changed

appreciably and thus there is little change in the yield stress.
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4,3.5 Effect of Microstructure on Cleavage -Stress

The results of the notch bend tes‘t-s were used to calculate the
cleavage stresses of the as transformed and warm rolled 4340. The
cleavage- stress of the former is 344 ksi and of the latter 364 ksi.

The major theories of fracture predict that thé cleavage stress
should vary as the reciprocal square root of an effective grain size
(Cottrell 1958), or as the reciprocal square root of the maximum particle
size (Hodgson 1969). A |

Both the Cottrell model and the Hodgson- Tetelman model will be
outlined here since they both give reasonable estimates of the cleavage
stress of the 4340 based on microstructural observations. However,
most of the fractographic and crack growth observations suggest that it

is the mechanism described by the Cottrell model which is operative.

a) Hodgson-Tetelman Cleavage Stress Model

The tensile stress required to cause cracks to spread through

carbides in steel can be expressed as:

4G v
T = < —y {Cottrell-Petch model)
¢ k(D -4d)

where Gc = shear modulus of carbides

work required to propagate a crack through the carbide

y =
k = Petch constant

Ds = interparticle spacing
d = mean particle diameter
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If the carbide cracks propagate into the’ matrix and cause the matrix to
cleg.ve,; the cleavage strength will be given by"G"P, the stress required
to propagate a crack in the matrix. This can be expressed as:

I = —_————— P (Hodgson 1969)

Pl avy ] Ja©

where E = elastic modulus

Y, = effective ferrite surface energy.

v
d

Poisson ratio

n

carbide size -

Hodgson and Tetelman found from thei'r. experiments with carbon-
manganese steels. that the cleavage strength of the steels increased as
the particle size decreased even though the free interparticle spacing
(DS - E) was maintained congtant. This would suggest thatq“]‘? was
greater than t,‘-‘c and thus was responsible for the cleavage strength of the
steels,

This carbide-size dependence of the cleavage stress could be
taking place in the 4340. Transmission micrographs show that there is
essentially no change in the carbide spacing on warm rolling; however,
there is an increase in the cleavage stress accompanied by a decrease in
the carbide size. If this is the case, then the ratio of the cleavage stress
of the as transformed 4340 to that of the warm rolled 4340 should be roughly

equal to the square root of the inverse of their respective carbide sizes.

That is G .* (as transformed) k

d
£ P (warm rolled)
( f*, (warm rolled) ‘

(as transformed)
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Transmission miéroscopy indicates that the average carbide size
for the warm rolled SAE 4340 is about 0.8 M and that for the as
transformed is about 1.1 /l,( .

Then

{warm rolled)

d : = 0.85
(as transformed)

The ratio of the observed cleavage stresses of the two materials is -

Tf* (as transformed)

, ='0.94
q‘f* (warm rolled)

The agreement is fair. Hodgson and Tetelman found that this
model was good for structures containing carbides larger than 1 micron.
They also found that when tha carbides get smaller, the stross required to
crack them becomes larger, and when (I"‘c approaches @;, the free

interparticle spacing becomes importantbin determining the magnitude of the

cleavage stress. .

b) Cottrell Cleavage Stress Model

It was stated at the beginning of this section, that moéf of the
fractographic and crack growth observations suggest that the Cottrell
cleavage stress model is more applicable to the steels than is the Hodgson-
Tetelman model. That is, there is some”effective grain size" controlling
the cleavage stress rather than the particle size.

The Cottrell model (Cottrell (1958)) expresses the cleavage stress
of a material as a function of the material's shear modulus, the effective
surface energy, the Petch constant and the effective grain size,

That is: 4Gy
Vs vz

y
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where G = matrix shear modulus

Yo, © effective matrix surface energy
k = Petch constant
d = effective grain size.

The effective grain size of the 4340 materials appears to be the
prior austenite grain size. Scanning electron micrographs of the as:
transformed and warm rolled compact tension specimens broken at low
temperature exhibit cleaved fracture surfaces with cleavage facets of the
order of the prior austenite grain size. There are no features on the
fracture surface which relate to the particle size. Evidence of stopped
microcracks, whose lengths are about 10—15_)_A , appear in some of the
scanning micrographs, Figure 60 shows some possible non-propagating

existence of

[¢]

microcracks in the warm rolled 4340. In order to verify th
stopped microcracks in the 4340, a "two surface specimen' was prepared
from a notch bend sample which had been broken at .-196°C. This low
temperature would insure that a cleavage failure had occurred in the
sample. Scanning electron micrographs of this sample are given in
Figure 41. Stopped microcracks roughly 10 microns in length are present
just below the fracture surface. Figure 41 also shows a series of micro-
cracks about 10 microns in size connected to the fracture surface.

Using an effective grain size of approximately the prior ausfenite

grain size (10 - 15 1) and values for G of ].O12 —dﬂ%g— (Cernica 1966),

for y  of 10 X85 (Hodgson 1969) and for k9P 1 “E— (Embury 1971),
m cmz . Yy mm3/2

the Cottrell model predicts a cleavage stress for the 4340 of about 350 ksi. -
This is in good agreement with the measured values of 344 ksi and 364 ksi
for the as transformed and warm rolled materials respectively.

It has been known for some time that the fracture properties of
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upper bainites are related to the prior austenite grain size (Irvine 1969},

and the fracture behaviour of the 4340 is consistent with that reported

in the literature. The reason that the prior austenite grain size is important

is that cracks can propagate across the low angle boundaries of the

parallel bainitic ferrite plates but are impeded by grain boundary carbides

and the high angle boundaries. The warm rolling treatment produces

changes in the microstructure which break up the path of easy propagation

through the bainitic ferrite plates. In terms of the Cottrell model, the

warm rolling raises the effective matrix surface energy. This could

account for the higher measured cleavage stress of the warm rolled material.
In summary then, the Malkin-Tetelman model applies at

b
sufficiently low temperatures or in irradiated steels where g'—iy £ 3.4,

&
The maximum ratio of Q—; according to elastic - perfectly plastic

analysis for a sharp crack is about 2. 6 (Shoemaker 1965). However, strain
hardening in sieels can raise the vaiue of Ty io over 3 (Rice 1908).

The steels that were studied by Malkin and Tetelman in the development of

this model had strain hardening exponents between 0.1 and 0.2. This leads
NI
to a value of T of 3.4 at low temperature.

The as transformed and warm rolled SAE 4340 both have an n value

of less than 0.1. From this value, the Rice and Rosengren analysis would

ots
=

predict a maximum value of —— of about 3.1. That is, the critical stress

Ty
model for cleavage failure should apply to the SAE 4340 steels as long as
UL
Ty

The results of this investigation indicate that the critical stress
model is capable of describing the fracture toughness behaviour of the 4340
at temperatures below about -30°C. The model predicts that for a given
test temperature the fracture toughness of a material is governed by the
cleavage stress and that for a given material, the fracture toughness

variations with temperature are governed by the temperature dependence of
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the yield stress, which is in good accord with the experimental data.

The mechanical properties of the material that determine the
fracture toughness are the cleavage stress and the yield stress. These
are ip turn determined by the microstructure. In bainitic steels the
cleavage stress is controlled by the prior austenite grain size. The warm
rolling treatment appears to increase the cleavage stress by raising the
effective surface energy of the ferrite matrix. The yield stress in the 4340
is controlled by carbide morphology and dislocation substructure. The
warm rolling reduces the carbide aspect ratio. However the dislocation cell
structure produced serves as an effective ba.rrief to slip processes so
that the yield stress remains essentially the same as that of the as transformed
material.

The conclusion is that refinements in carbide morphology and the '
presence of dislocation cell structures are beneficial in that fracture toughness

can be improved without an accompanying loss of strength.

4.4 Critical Strain Models

When plastic constraint and strain hardening are insufficient to
raise the stress in the plastic zone up to the cleavage stress, unstable
fracture in the material occurs when a critical plastic strain ( E’c) is
achieved in a volume near the crack tip. This type of failure is best
handled by a critical strain model rather than the critical stress model
outlined before.

Many examples of critical strain models can be found in the
literature (Krafft 1964, Hahn 1967, Malkin 1971). The basic problem is to
correlate the stress intensity factor (the fracture toughness) to the plastic
strain in the plastic zone. The plastic strain is in turn a function of
microstructure.  The region in front of the crack in which failure in the

material occurs is that region in which the critical strain for fracture has
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been attained. Kraifft (1964) calls this region the "process zone".

In this work, two different approaches to the critical strain model
have been taken. One is based on an energy criterion as outlined by
Tetelman and the other is based on the plastic strain distribution in the.
plastic zone similar to that developed by Malkin and Tetelman (1971). Thé' :
two will be briefly described and their applicability to the SAE 434'0.wi_11 be
discussed. |

Ed

4.4.1 Model Based on Energy Considerations

In all of the critical strain models for fracture developed in the
literature, the fracture criterion is related to the amount of plastic strain
that occurs in the small region near the crack tip (the "process zohe").

If plane strain conditions exist in the material, then plastic defarmation at
the crack tip is confined to narrow bands whose thickness is of the order

of the diameter of the crack tip (see Figure 61). This is based on the "hinge-
type"plastic zone described by Hahn and Rosenfield (1966). The displacement

of the crack faces at the crack tip (2 V, ) is

(c)
2Ve) T2 P &)
(for plane strain)

where i(c) = tensile strain in the region in front of the crack tip.

At the point of instability, the opening displacement has reached a critical

value and the strain in the process zone has reached the fracture strain. -
V* = *
(€)™ F &e)

When V, , has reached the critical value V%, ., the stress required

(c) (c)

for unstable extension is given by
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g 1/2
N - 7. ()V(c)] |

From an approximation made by Tetelman (1967) on an analysis by Coodier
(1963). | o
where 9 _, can have a value from the yield stress up to the

(c)

ultimate tensile stress. The term ZG'Z ) V*( ) is an energy factor and is -

the work required for crack propagatlon. In the notation of fracture

mechanics, this work is termed the crack extension force GI c

Se® 2% o) T2V P ENe)

From a fraciure mmechanics analysis of mode I (tensile) loading it

may be shown that’

' E)Cﬁ . 1/2
KI | T2 : (Plane strain)
1-v

That is, the crack extension force can be determined from fracture
toughness values. Then an estimate of the process zone size can be obtained

from this equation and the one previous.

G

P: Ic

( )EZ (C)

In the analysis of plastically induced cleavage failures J (c) is roughly equal
to Q‘“ This model assumes small tensile specimens at the crack tip (that
is, the stress state at the crack tip is the same as that in the neck of a tensile

‘specimen), so that

ta (c) af
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- Then
G

Fz Ic
2g”yif

4.4,2 Model Based on Plastic Strain Considerations

It is assumed, for the sake of simplicity, that the materials' are rigid
perfectly plastic. This is a reasonable assumption for these steels since the
ratio of the yield stress to the UTS (over the temperature range of the fracture
toughness tests) is about 0.8. Also the work hardening exponents of the steels
are between 0.1 and 0. 2. -

It has been shown both theoretically (Rice 1968) and experimentally

#

{ Wilshaw 1966) that the strain distribution in the plastic zone ahead ot the
i K ’
crack tip is of the form E(x) = <

Here a hyperbolic plastic strain distribution is assumed to exist in

the plastic zone with the plastic strain varying from the yield strain (gy)
at the elastic-plastic interface to a maximum (&'.m) at the crack tip.

That is

e (x) = gy . —5— (see Figure 62)

where R = plastic zone size. -
This strain distribution indicates that as x -0, . (x) - 0, What really
happens is that the maximum strain or the critical strain for fracture &

is attained over some region xl, the process zone size. That is,

E (x) = & Oéx‘-‘-x

m . 1

Fracture mechanics analysis indicates that R is given by
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Ao 1 KIC 2

R* 555 (55)

In this model the estimate of Em is the assumption which introducées
the greatest error. McClintock (1968, 1969) has shown that the ductility
(the fracture strain) of a deforming region was greatly reduced by the
presence of triaxial stress states. Hahn and Rosenfield (Hahn 1967) have
made calculations of the ratio of the fracture strain in plane strain to that in
uniaxial tension. The results along with some experimental values are given
in Table 10. This information is consistent with the McClintock calculations.

In the development of their critical strain model, Hahn and Rosenfield

assumed that & mf\‘. for plane strain in view of experimental data

3
and theoretical predictions. This same assumption will be used here,

Then the size of the process zone x, will be given by

1

2

X_EYR A9y .1, 1 (ch)z_ 1 e
1° £ E € 37 Ny ‘TrEe.ftr"Y
3
2
e x = KIc
1o € _ 1~ TEESyY

4.4.3 Calculation of the Process Zone Size

Values ofP (from energy considerations) and values of x, (from
plastic strain considerations) were calculated for the as transformed and
warm rolled 4340 at the indicated temperature. The data are listed in
Table 1. The agreement between the two models is good.

) The size of the process zone predicted by the two critical strain
criteria for the 4340 do not appear to represent the effective limiting root

radius of the critical stress model. The effective limiting root radius for the
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as transformed material is about 60 & and that for the warm rolled materiail
is abO}lt 150}A . These are from 2 to 5 times larger than the process zones. -

The process zones are probablj related to the "stretch zones"
reported iﬁ the literature, which are formed between the fatigue crack and
the overload fracture region of the fracturé toughneés specimens. _Gerberich
and Hemmings (1969) observed stretch zones of from 2 to 5 microns in width
in TRIPsteels. Beachem and Pelloux (196-5) observed the same phenomenon
ina Ti - 2.5 Al - 16V alloy. Spitzig (1968) observed stretch zones in a 0.45%
carbon steel (‘KI c"a;\." 60 ksi JE-‘ ) of from 5 - 10 microns. Also, Broek (1970)
has made observations of stretch zones in aluminum alloys.

The stretch zones reported in the literature are smaller than the
proéess zones determined here due to differences in strength levels. The
TRIPsteels investigated by Gerberich and Hemmings ha;i yield strengths
in the order of 250 ksi at the test temperature. For a given fracture tonghness,
increases in yield stress would produce a corresponding drop in the process
zone size as predicted by the critical strain models. Thus it would be
expected that the process zones of the steels investigated here are larger
than those reported in the literature, in particular those reported by
Gerberich and Henimings. ‘ |

| It must be ‘stated however, that Gerberich and Hemmings suggest
that the stretch . zone may not be related at all to the intriunsic toﬁghness
of the material, but related to the fatigue pre-cracking stress intensity.
Whether this is the case for the 4340-and the structural steels is not known,
since all the fatigue pre-cracking was done at the same stress intensity.
Also, only extensive inv‘estigation of the process zone of the warm rolled 4340
broken at —700C was conducted, so that there is insufficient microscopic data

on which to base any sound conclusions ‘as to the nature of the stretch zones.
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4.4.4 Microstructural Observations

(a) Process Zone Size

Slow crack growth leading to catastrophic cleavage'ifaihire was
observed in some of the SAE 4340 warm rolled compact tension specimens.
Scanning electron micrographs of the specimen tested at -70°C and of the‘
slow growth épecimen are given in Figure.33 and Figure 34 respectively.
Examination of the fracture surfaces revealed fhat the interface between the
slow growth region and the cleaved region was very irregular, indicating
that void initiation and coalescence occurs in localized regions ahead of the
main crack. When the slowgrowth specimens were pulled apart at -196°C,
the intact regions ahead of the main crack and between the torn regions cleaved,
resulting in the irrcgular interiace, '

Further study of these torn regions was conducted using the slow
growth specimens sectioned at mid-fhickness. A scanning micrograph
of this specimen is given in Figure 35. Each of the three subsequent
micrographs shown (Figures 36, 37, 38) were taken from sections approximately
30, 60 and 90)&below the first section. Figure 35 indicates that substantial
void formation and 'growfh occurred ahead of the main crack. Examination
of the micrographs of Figure 37 and 38 indicates that void growth has not
occurred at these sections to the extent that it had in the section of Figure 35.
Figure 3%a shows a scanning microgtaph of the same sections as that shown
in Figure 38 after etching. It revealsrsmall voids associated with the main
crack. However, void growth is not nearly as extensive as that shown in
Figure 35. | ,

The sections shown in Figures 35 to 38 indicate that the regions of
extensive void gi-owth (the "process zone") are 20 to 30 microns in size at

this test temperature (—-70°C). They also suggest that void growth does not
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occur uniformly ahead of this main crack in the crack plane but in Iocalizeci
regions. ‘These observations are compatible 'with those rﬁa;de from the fracture
surfaces of the other slow growth specimens. This microstrucfural evidence
of the process zone size is also in good agreei‘nept with the size predicted by
the two critical strain criteria for -70°C. -‘That is }3 = 3014 and X =23\ .
Higher magnification scanning micrpgraphs of th'e- crack and
associated voids shown in Figure 39a are given in Figure 39b. These
micrographs indicate that the voids are initiated at the carbides in the wafm'
rolled material. Some carbides can be seen laying in the cusps on the
fraéture surface. Void initiation and growth at the carbides was also observed

in the sectioned notch bend test specimens (Figure 40).

{b) Void Initiation Process

Microscopic observations from the compact tension specimens and
from the notch bend specimens suggest that it is the carbides which are
critical to slow crack growth and thus c\ritical to the fracture process. The
results obtained from mic-roscopic examination of the sectioned tensile
specimens are in agreement. These specimens reveal that &oids are
initiated first at inC'lusioné, but the inclusion initiated voids do not appear
to control the fracture process., The sectioned tensile specimens also reveal
that the carbide shape determines the magnitu&e of the strains required and
the mechanism involved in void formation in the materials,

Scanning electron micrographs of the as transfqrmeci and of the warm
rolled secfioned tensile specimens are given in Figures 42 and 43 respectively.
These speciinens were pulled until necking had started. In both materials,
voids had formed first at the matrix-inclusion interface. Interface decohesion
had occurred aréund the whole 1nc1uS1on but void growth appeared to be

greatest in the direction of the ten511e axis. This is to be expected. When the
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particle has a higher stiffness th’an' the ma;frix (as do carbides in steel), ths
matr1x stress concentrations occur at the partlcle surfaces which are normal
to the maximum principle stresses (Gurland 1963, Broek 1970, Low 1968).
.The're was not evidence of cracked carbides or void formation aththe carbides
in the specimens. - o |

As stated before, the studies with the _ténsile specimens indicate
that voids are initiated first at inclusions 111 both the warm rolled and the
as transformed materials. Whether these voids grow substantially during.
further straining w.a.s not adequately determined. However, inclusions
observed in the specimens pulled to failure hadA voids associated with them
that were not much larger than those in the necked specimens. Broek (1970)
observed that elongated inclusions fail first prior fo fracture, but growth
of the so-formed cavities was hardly observed. Brindlt;y (1968) reported that
studies with tensile specimens revealed cracked particles but no void growth.
From studies with magnesium alloys, Calhoun {(1970) obtained results that
confirm Broek's (1970) observation that the premature crack and void formation
at large inclusions is irrelevant to the fracture process. They suggest that
the initiation and g:rowth of small voids does not occur until the onset of
fracture. .

Scanning electron micfographs of the as transformed and the warm
rolled 4340 sectioned tensile specimens are shown in Figure 44 .and 45
respectively. These specimens were pulled to failure. More voids are
presént in the warm rolled material than in the as transformed material.

Closer examination of the materials in the scanning microscope
showed that many of the voids. in the as transformed 4340 were initiated at
cracked carbides, whereas the voids in the warm rolled 4340 were initiated
around the carbides.

Many models have been developed to explain cavity or void formation

at spherical particles in a matrix (Gurland 1963, Ashby 1966). Amnalysis of
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the fracture of elongated particles by shear stresses from dislocation pileups
has been made by Gurland (1963) and by Broek (1970).

The following argument from plasticity considerations can be
advanced to explain void formation at particles, If a material is subjected
to a uniaxieil tensile stress, shear stresses inclined at 45° to the tensile
axis are developed. These shear stresses try to elongate' the particles in
the direction of the tensile axis, Since the particles are rigid, they resist
this deformation resulting in tensile stresses at the particle-matrix interface
which is normal to the tensile axis, and compressive stresses at the particle-
matrix interface which is parallel to the tensile axis. The tensile stresses
thus open voids at the particle matrix interface which is normal to the tensile
axis. If the particles are rod-shaped, it is more difficult for the particles
to get rid of the accumulated shear loops generated by the action. of the
shear stresses. The result is that the elongated particles crack instead of
forming voids at their ends. '

This appears to be the case in 4340 since void formation occurs
at cracked carbides in the as transformed material and around carbides in
the warm rolled material.

Carbide initiated voids in these tensile specimens were observed
only near the crack plane. Voids in the co;'npact tension specimens and the
notch bend specimens were also observed only near the cracks. This supports
the conclusion that the carbides are the particles critical to the fracture

process.

4,5  Hole Growth Model

4,5,1 Ductile Fracture Criteria

Fundamental work on the phenomenon of ductile rupture has been
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somewhat limited due to the theoretical complexity of the problem and in

the difficulty in doing clear cut experiments. Criteria for initial yielding

or for brittle fracture require only the current state of stress, In ductile
fracture, changes in the size, shape and spacing of the voids will depend

on the entire history of stress and strain. The actual process by Which.fhfé_‘
voids coalesce to form the initial crack while the material as a whbie is
deforming, is extremely complicated. _ |

Th.e measurement of plane strain fracture toughness in low str‘ength :
steels is very difficult. These materials are relatively tough so that specimens
must be extremely thick in order to maintain i)-lane strain condifioné at the
crack tip. (The measurement is further complicated in the transition .
temperature region due to mixed mode failures in and around the transition
temperature.)

As long as the material is subhject to plane strain, the onening
displacement is directly related to the crack tip strain and the fracture
toughness is in turn directly related to the opening displacement. When
plane strain conditions break down, the opening displacement is still related
to crack tip strain; however, there is presently no workable relationship
between fracture toughness and opening displacement for plane stress conditions
or for stress states intermediate between plane stress and plane strain.

Calculations of the fracture toughness made from criti'cal load
measurements and from opening displacement measurements for the structural
steels differed in some cases by 30%. KI c values from opening disialacement
measurements- were larger than those from critical load measurements. The
discrepancy between the two generally increased with increasing température..

This can be explained by the fact that plane strain conditions were
relaxéd in the speé:ime:ns as the test temperature increased, resulting in an
increase in the fracture strain. Hahn and Rosenfield have made calculations

of the ratio of the true fracture strain in plane stress and in plane strain to the -

true fracture strain in uniaxial tension. That is,
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=,

éi. (tensile)

. The results are given in Table 10 and indicate that

the _true fracture strain in plane strain is less than that‘_rin plane stfess. The
same conclusion was reached by McClintock (196.9). " The fr.ag:tuf’e toughness‘
calculations based on opening displacement measurements are made with the
assumption fhat plane strain conditions exist in the material. The'[3I c data
(Table 7) on the structural steels indicate that this is not the case. The
resulting increase ‘in true fracture strain {and opening displacement) due to
loss of constraint would produce a proportionatelsr larger value of KI c than
that obtained from critical load calculations.

The difficulties in measuring fracture tdughness above the transition
temperature can be by-passed by using the Charpy shelf energy as a measure
of the materials toughness. Many material specifications involve a minimum
Charpy impact energy 'at a given temperature. - In the case of the structural
steels tested here, the Charpy shelf energy was found to be sensitive to
inclusion content, morphology and distribution. The data can be rationalized

on the basis of a hole growth model and the factors contributing to the material

toughness isolated.

4.5,2 Effect of Second Phase Particles on Ductile Fracture

Fracture by the growth of holes has been observed i.n ductile metals
by a number of'investigators (Tipper 1949, Puttick 1959, Rogers 1960,
Bluhm 1966). Fractographic observations of the ductile fracture surfaces of
metals have shown that the features of such surfaces are quite similar for
a great.variety of alloys (Gurland 1963). The frequent correspondence between
‘inclusions and the dimples on fractographs, justifies the current view that
inclusions, and second phase particlés in general exert considerable inﬂueﬁce

on the process of ductile fracture (Gurland 1963, Rosenfield 1968).
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The effect of second phase particles on the ductile fracture of copper
has been well documented by Edelson (1962). Several important conclusions
can be drawn from the Edelson work (Rosenfield 1968).

1. The nature of the particles does not matter. Edelson used particles

ranging from hard refractory oxides to holes.

2. As the volume fracti%n of particles decreases, the ductility (as
defined by E‘f = In Ao ) or fracture strain increases.
f
3. . The size of the particle does not matter. Edelson used a particle

range from 1 to 200 )a\

There is not yet enough data to confirm the first and third points;
however, there is considerable evidence in support of the second.

Studies of specimens which have been loaded short of fractl;.re, and
sectioned reveal thattwo main features dominate ductile fracture in metals.

These are:

1, The formation and growth of voids éround inclusions.
2. The concentration of shear in sharply defined bands.,

Evidence for these two features consists of optical metallography
(Gurland 1963, Rogers 1960), fractography (Beachem 1965) and-transmission’
-electron microscopy (Broek 1970, Palmer 1966).

The importance of non-metallic inclusions in steels is in their
ability to affect the physical and mechanical properties of the materials.
There is generally universal acceptance that sulphur has a deleterious effect .
on the properties of steel due to the formation of metal-sulphide inclusions.
The effects of increasing amounts of sulphur on shelf energy in a variety of
alloys is shown in Figure 63. In all cases, an increase in sulphur content

produces a decrease in the shelf energy.
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In addition tothe total quantity of inclusions present affecting the |

mechanical properties, it has been shown that such factors as shape, size,
distribution and properties of the inclusions themselves have an effect that .
is ahnqst as important as the total quantity,

Infwrought steels, sulphur contributes to the directional effects.
The sulphides become elongated in the rolling direction résulting in marked
differences in properties measured in the longitudinal direction and in the
transverse direction. The effect of improved sulphide shape by additions
of zirconium and titanium to low carbon steel was demonstrated by Lichy (1965).
Cerium has much the same effect on sulphide shapé. More oval sulphides are
the result of these additions because (Mn, Zr)S, (Mn, Ti)S, and (Mn, Ce)S
are less malleable and elongate less during hot rolling than does MnS. The
result is improved mechanical properties for a given sulphur content. The ‘
effect of sulphide shape is demonstrated by heat X65. Heat X65 and 3441 have
about the same sulphur content. The cerium additions to X65 im‘prove the
sulphide shape with'the result that impact properties and ductility are improved.
The effect of sulphur on tensile ductility and on impact properties was shown
to vary with both the quantity of sulphur and with the type and distribution of the
sulphides (Sims 1959).

4.5.3 Hole Growth Model

McClintock (1968) has developed a criterion for ductile fracture by -
the growth .of holes. The analysis is based on solid mechanics and takes into
account stress state, the influence of the geometric arrangement of holes and
the influence of work hardening. It is also based on the premise that holes
already exist in the material or that they form at essentially zero strain.
This is certainly not the case in metals. Gurland's studies (1963) indicate
that holes are formed initially at cracked particles and that hole formation

occurs throughout the stress strain curve. Palmer (1966) has shown that in
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copper-silica dispersions, the matrix parﬁcle interface remains partially'
bondéd even at high strains. However at strains approaching the fracture
straiﬁ where the particle matrix interface has bréken and where triaxiality
effects prédominate, the McClintock analysis is satisfactory.

The most critical aspect of the ductile fracture prqcesé is the
mechanism of hole coalescence (Rosenfield 1968). Bluhm and Morrissey
(1965), using an extremely hard tensile rﬁachine, showed that hole formation
‘and growth are gradual, while hole coalescence is rapid and catastroph_ic; |
When the holes begin to join together, crack propagation throughthe specimen
follows clos ely behind. | |

The problem of hole coalescence can be understood on the basis
of a simple model which relates the fracture strain to the volume fraction of
second phase particles. (In the case of the structural éteels, it will be the
volume fraction of inclusions). At low strains, voids begin to appear around
the second phase particles as shown schematically in Figure 64a. As the
strain increases, the voids grow. The critical event for fracture is the

coalescence of the holes. This occurs when the holes have grown out from

the particle centers a distance of about Zo (see Figure 64b). The

fracture strain can then be written as
. 0 /2
< - 1o

f r
o

where Qo = particle spacing

ro= particle radius

This model indicates that fracture occurs when the strain over a
region in size about equal to the initial particle spacing is equal to& £ and
that the fracture strain decreases as the particle density (volume fraction)

increases. It does not however, take into account the effects of work
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hardening nor does it take into account the effects of stress state or the

localization of strain. The work hardening characteristics of the material
undoubtedly have some control over the way in which the material between
the particles is sheared to allow hole growth, Also, at strains approaching

the fracture strain, triaxiality effects become important.

4.5.4  Application of the Model to the Structural Steels

If some simplifying assumptions are made, the hole growth model can
be used to describe the fracture strain behaviour of the sfructural steels as
a function of inclusion content.

The assumptions made in this analysis are:

1. The strain hardening exponents of the structural steels are approximately

[}

equal at o given temperature.

2. The stress state in the tensile samples is the same for all heats for a

given test temperature and strain rate.
3. The inclusions are spherical in shape.

It is worth noting that this analysis tests only one orientation and so
does not reflect the anisotropy in properties due to inclusion stringer effects.

Assumptions one and two appear to be quite reasonable. The strain
hardening exponents of 3 of the 4 structural steels are given in Table 12,
They are about the same. There is no reason to believe that the strain
hardening exponent of heat 3450 should be drastically different from that of
the other three. Since the tensile tests were performed at the same cross-
head speed and with the same size tensile specimens, the stress state in the
neck of the materials should be the same. Assumption three probably
introduces the most error into the analysis. It is especially questionable for

heat 3441, since the inclusions observed in this material were in the form
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of long stringers.

With these assumptions in mind, the fracture strain then is giveh

by the model.

/3

r
o

Efz 1/2

By assuming that the inclusions are spherical, the volume fraction

of inclusions can be expressed as

2
r
§ _ o
E o
where r, = particle radius

Q 0 particle spacing

Also the particle spacing can be expressed as

VN
where N = number of particles per unit area.
Then in terms of the QTM data

e I%
{‘;oz 4

where Q = mean individual particle size

In this formulation, the mean individual particle size is used as a
measure of the diameter of the inclusion.

Then from the hole growth model
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. That is, the fracture strain varies as one over twice the square root of
the volume fraction. '."I‘he daﬁa for the étructﬁral steels and ciata on -
copper dispersions (Edelson 1962, Zwilsky 1957)J are plotted in Figure 65.

The data for both the copper dis'perlsions and for the structural
steels exhibit the predicted inverse relation between the fracture strain
and the square. root of thé volume fraction. The data also indicate that

" the fracture strain depends only on the volume fraction and is independent

of the particle size. The difference in slope and position of the copper

data line and the steel data line is due to c'lifferences in the work hardening
indices, the elastic moduli and possibly the stress state operative in the

two sets of data. .

Rosenfield, Hahn and Embury have performed statistical analyses
on some data of Reinbolt and Harris on ferrite-pearlite steels and have
shown that the Charpy shelf energy can be expressed as a function of

the true fracture strain and the UTS. Their equation is:

C max __ 100 &£

v Juts

(Rosenfield 1971)

where the UTS is expressed in ksi.

This analysis indicates that the Charpy shelf energy should be
proportional to the true fracture strain. Then according to the hole
growth model, the shelf energy should also be proportional to one over the
square root of the volume fraction. The Charpy shelf energy is plotted
against fracture strain and one over the square root of the volume ffaction
( L ) in Figure 66. The predicted linear relationship appears to be

N .
in accord with experimental data.
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4, 5.5 Microstructural Observations

(a) Hole Initiation Process

In the SAE 4340 the: critical particles for slow crack growth
leading to cleavage failure were the carbides. Although voids opened
up first at the inclusions in the steel,A the. présence of inclusions appeared
to be irrelevant to the fracture process. .

Microscopic examination of the st'ruvctur.al steels, indicates
that the above is not the case for the struciural steel. Scanning electron
micrograpﬁs of a tensile specimen of heat 3441 sectioned at mid-thickness
parallel to the plate thickness and perpendicular to the. rolling direction
are given in Figure 55. Holes in the material wert; found only near the
crack plane (in the neck of the specimen) and were initiated around
inclusions. Some of the inclusions were still present in the holes. The
holes are not related in any way to the pearlite bands.

According to the hole growth model used here, the particles
responsible for the fracture process should have a spacing of the order
of L ‘

=

The QTM data for heat 3441 show that N for this material is

174.1 mm_z. That is, the critical particles should have a spacing of
roughly 75 microns. Examination of the scanning micrograph indicates
that the hole spacing in the material is, on the average, very close to
75 microns. |

This microscopic evidence suggests that the inclusions are the
particles critical to the fracture process since holes in the material
are initiated at the inclusions. The pearlite banding and the ferritev
grain size appear to have little to do with the hole injtiation process.

However, they probably have a significant influence on the hole growth and
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coalescence mechanism because of their effect on the behaviour of the

material between the holes.

(b) Fractographic Observations

Further -evidence of the importance of the inclusions 1s gi?én .
in Figu}‘es 57 a; b, ¢, d. These scanning micrographs of the "two surface.
specimens" reveal details of the fracture surface that bear direct relation
to the microstructure. |

The first observation is that the fracture surface is covered
with grooves in the direction of crack propagation. That is the grooves are
parallel to the rolling direction. The grooved appearance of the fracture
surface is similar to that reported by Embury (1967) for a series of |
mild steel laminates. There are a number cof dee
grooves. The fine grooves have a spacing that corresponds roughly with
the pearlite spacing on the polished surface. Higher magnification
revealed that the deep grooves on the fracture surface were made up
of a series of small steps consisting of a.mixture of cleavage and of shear -
rupture. The depth of these grooves is closely related to the extent of
tearing that is evident on the polished surface,

The inclusions in these photographs appear to be s;pherical.

They are really in the form of stringers which run pé.rallel to the fracture
surface and perpendicular to the polished surface. Thus on ’;he‘polished
surface only the ends of the stringers are visible.

The fractographic observations further substantiate th.osé‘m!ade
from the tensile specimens. It is apparent that the inclusions are the
critical particles for fracture. It appears that some regiohé in the steel
have a higher density of inclusions than do others. That is the distribution

of inclusions in the material is not uniform. Extensive hole growth and
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tearing take place during fracture in the regions of higher inclusion

content,



CHAPTER 5

CONCLUSIONS

In keeping with the format of the rest of the thesis, the conclusions
will be presented in two parts; Part A for the SAE 4340 and Part B for

the structural steels.

Part A: SAE 4340

) The warm rolled SAE 4340 upper bainite has a higher value of
fracture toughness than the as transformed 4340 for thé range of test
temperatures used. The thermal-mechanical treatment (warn: rolling)
produces changes in the bainite microstructure (i.e., refinement of the
carbide dispersion and development of a dislocation cell structure) which

. result in improved fracture toughness without an accompanying loss in

strength.

2) The carbides appear to be the particles critical to the fracture
process, In the as transformed 4340 voids are formed at'cracked

" -carbides, whereas in the warm rolled 4340 voids are formed around the-
carbides. In both cases it is the growth and coalescence of voids initiated
at the carbides and not the voids initiated at inclusions which are critical

to the fracture process.

3) At sufficiently low temperatures, the fracture toughness of the
material is governed by the magnitude of the cleavage stress, and changes
in fracture toughness with temperature are governed by the temperature

dependence of the yield stress.

79
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4) At higher temperatures, the fracture toughness becomes a
function of the yield stress, the process zone size and the fracture strain

in this process zone.

‘Part B: Structural Steels

1) The distribution of inclusions in the structural steels is not
uniform. The heterogeneity in distribution results in the regions of
extensive tearing which were observed in the Charpy "two surface”

specimens.,

2) Control of the inclusion shape improves mechanical properties.
. That is, for a given sulphur content, more spherical sulphides result

in increased shelf energy and fracture strain.

3) The inclusions are the particles critical to the fracture process,
The pearlite banding and the ferrite grain size have little to do with the
_hole initiation process; however, they probably exert considerable influence

on the growth and coalescence of the holes.

4) On the basis of the proposed model, it appears that there is an
-inverse relationship between the square root of the volume fraction of
inclusions and the true fracture strain. The same inverse relationship -

 appears to hold for the Charpy shelf energy.
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. PROPOSALS FOR FUTURE WORK

: The results of the experimental'work on the 4340 indicate

that thermal-mechanical treatments offer a method of increasing the
fracture toughness without simulfaﬁemsly decreasing the strength of
steels._in" the upper bainitic condition. It is apparent that the fracture
toughness of these steels could be further increased by selecting suitable
rolling practices to refine the austenite grain size before transformation

to bainite.

Since it has been shown that warm rolling can be a benefic'ial

treatment for isothermal bainites, it would be interesting to appljr the

same type of treatment to continuously cooled bainites. Continuously
cooled bainitic steels are a bit more challenging because of the variety

of microstructures which can be produced by changing the rolling practice
and cooling rate. However, the problem becomes a little less formidable
now that it is known which microstructural changes are beneficial.

. The.strucfural .steels pose a different problem again. The

results of this work indicate that the inclusion content and the microstructural
anisotropy of th-e‘ inatéria.l exert a marked inﬂuencé on fracture properties.
It has been shown that useful éorrela.tions can be made between the shelf

| energy, the fracture .stj;é.in and the volume fraction of inclusions. However,

’caré rnust bé. exercised in the use of these relations since'fhey do not reflect
~ the var1a.t10n in properties with specimen orientation. In order to better
1solate the effects of the heterogeneity in inclusion d1str1bu1:10n, 11: would

aXe and the tens ile

be 1nterestmg to make a study of the anisotropy of C
propert1es along with a careful assessment of 1nc1usmn sha.pe and dlstrlbu-
tion. This would provide»al basis for determining the relative merits of the
~analysis presénted here, ahd if it can be used, with reasonable confidence,

to assess the fracture properties of structural steels.
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TABLE 1

CHEMICAL COMPOSITION OF SAE 4340 (wt. %)

C Mn. P S Si Ni

- 0.41 0. 72 0.002 0.010 0.26 1.90

Data courtesy of United States Steel Corporation.

0.82

88

0.28
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TABLE 2
TEST AUSTENITIZED TRANSFORMED
NUMBER TEMP (°C) TIME (Min. ) TEMP (°C) TIME (Min. )
1 1000 30 650 4
2 1000 ' 30 650 16
3 1000 30 650 30
4 1000 30 650 60

NOTE: Each test was followed by a water quench.




TABILLE 3

. CHEMICAL COMPOSITION OF THE STRUCTURAL STEELS

HEAT. CHEMISTR Y - | HEAT | TRANSFORMATION .
NUMBER C  Mn Ccb si P s Al | TYPE (°F) CHARACTERISTICS
| . ATy Ar
3441 . 09% 2.00% .047 .15 .. 013 . 016 .118 | Air ND ND
L ' ‘ ' ' Induction
Melt
3450 .13 | 1. 64. - .25 .013 . 006 .03 Triple 1470 1120
S Slag
Practice
3458 . .19% 1,65% .06 . 34 .017  ,003% ,05 ESR 1470 1120
X65 .11 1.34 .02l .32  .013 .0l15 .04 | Open 1455 1240
: C ' Hearth
(Ce addi-'
tions)

The figures g'iven are weight percents.

ND - ﬁot determined

* - data checked at McMaster

Data are courtesy of the Steel Company of Canada.

06
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TABLE 4
HEAT GRAIN PERCENT
NUMBER SIZE (4¢) PEARLITE
3441 10.2 15. 0%
3450 9.4 30.7
3458 8.4 22.3
X65 10.3 17.0

* estimated from micrographs.

Data courtesy of the Steel Company of Canada.




TABLE 5

QTM DATA

.113

HEAT ,' NUM]%ER TOTAL MEAN PERCENT | TOTAL " MEAN
NUMBER /mm® LENGTH | INDIVIDUAL TOTAL AREA _, | INDIVIDUAL
~(N) (x10"lmm) | LENGTH AREA (mm2x10"°) | AREA
‘ (j' ) (xlO'me) (AT) ' (mm2x10"4)
T fy (A)
3441 174.1. | .697 .470 .241 . 205 .138
3450 82.1 . 276 .395 - .097 .083 .119 -
3458 36.6 .116 .370 . 045 .039 .123
X65 104. 4 .338 . 380 133

. 127

+ Data courtesy of the Steel Company of Canada. -

26



TABLE 6

SAE 4340
TEMP (°C) oy K . K . (KI 2 1 r K )2 _L_ | LOAD-
(ksi) W Ny Oy’ B Cy B | DISPLACEMENT]
ii‘;‘ dl)n ) Eléild‘l)l—n’ (Load) (Cod) CURVE TYPE
a ' (Figure 25)
AS TRANSFORMED
25 100 64.2 61.2 1. 64 1,47 4
-30 105 53.5 47.9 1. 04 0. 84 4
-70 110 55,7 42,3 1. 00 0. 60 3
-95 117 42.17 37.2 0.52 0.40 3
-120 126 36,7 31.9 0. 34 0. 26 3
WARM ROLLED
25 97 77. 0% 74, 1 2.52 2.32 2
-30 103 81, 9% 79.5 2.52 2.36 2
-95 118 69. 0 71.5 1.36 1,44 1
-120 130 66.0 47.6 1. 04 0.52 1

% - Tests did not satisfy the ASTM 5% secant intercept requirement for plane strain.

€6



TABLE 7

STRUCTURAJL, STEELS

TEMP o'y) K, (_;1_)2 ( ;_1_ 2 L LOAD -
o (ksi N y y B DISPLACEMENT
( C) (lls:a‘gn— (in) CURVE TYPE
(Figure 25)
3441-60 - - - 2
-75 79 79.9 1. 02 4,08 2
-90 84 74.9 0. 79 3.16 2
-110 91 79.5 0.76 3. 04 1
-120 96 75.0 0.61 2. 44 1
3450-60 - - - 2
-75 65 79.9 1.51 6. 02 2
-90 70 68.3 0.95 3.8 2
-105 77 78. 8 1. 04 4.16 1
-120 85 72. 1 0.72 2.88 1
3458
-30 69 55, 0 0. 62 2.48 2
-60 75 55, 3 0. 54 2.16 2
-90 87 59, 2 0.46 1.84 1
-120 101 55. 6 0.30 1.20 1
X65 -
-30 67 58. 6 0.76 3, 04 2
-60 70 62.2 0.79 3.16 2
-90 79 60. 3 0.58 2.32 2
-120 92 57.6 0. 39 1.56 1

¥6
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TABLE 8

STEEL TEST TEMPERATURE MODEL
RANGE (°C)

as transformed =120 to ~25 critical stress
SAE 4340 :
warm rolled -120 to ~ =50 critical stress
SAE 4340
as transformed -120 to~25
SAE 4340 itical strai
warm rolled -120 to ~ -50 critt am
SAE 4340
structurais > 25 hole growth

(shelf energy
range)




TABLE 9

CRITICAL STRESS MODEL

B e GI c (plane strain) values calculated from the equation G =

-
++ GI

SAE 4340 As Transformed O}* = 344 ksi, /00 = , 0025 in.
Warm Rolled O“f* - 364 ksi, f;o = . 006 in,
e oy [momen gocn k. fop o
(ksi) (ksi \/—1—1:) (ks_1 \/Tn ) Predicted O-Y ‘ (m. lb.)
' (ksi/in ) in?
As Transformed
-120 126 36.7 31.9 37 2.73 28
-95 117 42.7 ' 37.2 41 2.94 47
-70 110 55.7 42.3 44 3.12 62
-30 105 53.5 47.9 45 3.28 86
25 100 64,2 61.2 47 3.44 121
Warm Rolled
-120 130 66.0 47.6 65 2.80 114
~-95 118 69.0 71.5° 70 3.08 158
-70 108 81.9 79.3 75 3.37 185
-30 103 81.9 79.5 78 3.54 205++
25 97 77.0 74.1 82 3.75 203++
K

Z (1.-2 .
1c (1-37) (Tetelman 1967)

Ic

(plane stress) values calculated from the equation GI =1

K.2

(Tetélman 1967)

O
o~
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TABLE 10
TYPE €
OF TEST Ef (tensile)
Calculated Measured

Round Tensile . 1,00 -
Bar (Necking)
Plane Stress 0. 65 0. 52(a), 0. 52(b), 0. 39(c)
Zone
Plane Strain 0.10 -

Zone
{Maximum constraint)

(a) 2219 - TA86 Al
(b) 7075 - Té6 Al

(c) 4340 Steel



TABLE 11

SAE 4340
%
'I(’gé\/;:P 61.4 ' CT;. KI_ c GI c ) PROCESS ZONE SIZE (}0)
(ksi) (ksi,/ in ) (in.16/in") /0 (energy) x (stra;n)
IAs Transformed

25 . 54 100 64 121 30 21
-30 . 54 105 54 86 20 14
-70 .53 110 46 62 14 10
-90 .5l 117 40 47 10 8
-120 46| 126 32 28 6 "5

Warm Rolled ,
-70 .72 108. 79 185 30 23
-95 .70 | 118 73 158 26 18
-120 .67 130 62 114 17 12

* From Figure 26,

86



HEAT NUMBER

3458
3450'
3441

X65

99

TABLE 12

STRAIN HARDENING EXPONENT (25°C)
(n)

0.132

' 0.181

0.162

‘Data courtesy of the Steel Company of Canada.
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SAE 4340 AS TRANSFORMED.

2000X

Figure 6.

SAE 4340 WARM ROLLED,
2000X

Figure 8.
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Figure 7. SAE 4340 AS TRANSFORMED. . SN—

Figure 9.
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Figure 10. SAE 4340. L ;
500X 20})\

Figure 11. SAE 4340 AS TRANSFORMED.
100X ROLLING
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DIRECTION
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SAE 4340.

X100

Figure 12.
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Figure 13. SAE 4340 WARM ROLLED,
200X ROLLING
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DIRECTION
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Figure 14. HEAT 3441].
100X ROLLING
e e S

DIRECTION

Figure 15, HEAT 3450.
100X ~ROLLING
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DIRECTION
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Figure 16. HEAT 3458.
100X ROLLING

-t §om
DIRECTION

Figure 17. HEAT X65.
100X ROLLING
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' CHARPY AND
NOTCH BEND
SPECIMEN

TENSILE
-SPECIMEN

COMPACT TENSION
SPECIMEN

ROLLING C man e I
DINECTION (SAE 4340 AND STRUCTURAL STEELS)

- FIGURE 1[8.
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‘ fracture topography
observations

'FIGURE 20. COMPACT TENSION CRACK GROWTH SPECIMEN.
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\I two surface view
r—_ polished plane
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~ plate thickness
plate
length
\ .
\ plate
width

crack profile view

" FIGURE 2I. CHARPY & NOTCH BEND CRACK GROWTH SPECIMEN.
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FIGURE 23. SAE 4340. WORK HARDENING EXPONENT.
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Figure 29. SAE 4340 AS TRANSFORMED
TEST TEMPERATURE -120°C
1000X ¢ .
10 M

Figure 30. SAE 4340 WARM ROLLED
TEST TEMPERATURE -120°C
500X il

10 pa
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Figure 3l. SAE 4340 AS TRANSFORMED
TEST TEMPERATURE 25°C
1000X &

10 M

Figure 32. SAE 4340 WARM ROLLED
TEST TEMPERATURE 25°C
200X
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(b) 1000X

Figure 33. SAE 4340 WARM ROLLED.SLOW
GROWTH REGION,TEST TEMPER -
ATURE =70°C .
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(a) 200X

(b) 1000X

Figure 34. SAE 4340 WARM ROLLED.CRACK GROWTH
‘ SPECIMEN.TEST TEMPERATURE -70°C.
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plate length

T—» plate width

Figure 35.. DEPTH: O 1000X
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plate length
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Figure 36. DEPTH: -30/.,\ 1000X
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plate length

plate width

Figure 37. DEPTH: -60 ) 1000X
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plate length

plate width

Figure 38. DEPTH: -90})\ - 1000X
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plate length

plate width
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Figure 39b. SAE 4340 WARM ROLLED.CRACK
GROWTH SPECIMEN,
5000X
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Figure 40. SAE 4340 WARM ROLLED,CRACK
GROWTH SPECIMEN (NOTCH BEND),
1000X :
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' SAE 4340

WARM ROLLED,

"TWO SURFACE" NOTCH
BEND SPECIMEN. 5
(TEST TEMP. -196 C)

10 JX

SERIES OF MICROCRACKS
CONNECTED TO THE FRACTURE
SURFACE,

Figure 41.
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Figure 42. SAE 4340 AS TRANSFORMED,
2000X TENSILE

AXIS

Figure 43. SAE 4340 WARM ROLLED,
2000X
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Figure 44. SAE 4340 AS TRANSFORMED.

1000X TENSILE

B Eeresee—
AXIS

Figure 45. SAE 4340 WARM ROLLED.
11000X
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FIGURE 48. STRUCTURAL STEEL FRACTURE STRAIN .
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Figure 5la. HEAT 3441. A
TEST TEMPERATURE -120 C.

200X

Figure 5lb. HEAT 3441.STEREO PAIR. 1000X
TEST TEMPERATURE -120°C.
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HEAT 3450.

Figure 52. 1000X
HEAT 3458.

Figure 53, ; 1000X
HEAT X65,

Figure 54. . 1000X



Plate thickness

LPlate Width

Figure 55. HEAT 3441.TENSILE SPE(():J'_MEN.
TEST TEMPERATURE O C.
100X

Figure 56. HEAT 3441 ,CRACK PROFILE VIEW,
500X
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Figure 57a. HEAT 3441,
20X
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. ’i’l\.‘h\%h‘.«x

Plate width

L Plate thickness :

HEAT 3441.
200X

Figure 57b.
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Plate length

L Plate thickness

HEAT 3441,
200X

Figure 57c.
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Plate width

Plate thickness

Figure 57d. HEAT 3441,
1000X
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Possible microcracks

e

20}4

Figure 60. SAE 4340 WARM c%(OLLED.
TESTED AT -120 C.





