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Abstract:

The effect of starting microstructure and austenitizing 
temperature on the fracture toughness of a hardened high 
carbon alloy steel was studied. Three different starting 

microstructures were evaluated: 1) pearlite plus 1 urn 
diameter carbides, 2) 100% pearlite, and 3) pearlite with a 
coarse proeutectoid carbide network. The first 
microstructure constituted the as-received condition and is 
designated AR. The other two microstructures were produced 
by vacuum annealing and are designated VAC 1 and VAC 2 

respectively. Austenitizing temperatures were increased from 
800 C, just above the , to 950 C, over the Ac m , in 25 C 
increments. The results of the fracture toughness testing of 
6 and 13 mm thick compact tension specimens showed that the 
best Kjc was produced by austenitizing the VAC 1 and VAC 2 
specimens at 875 C. This maximum Kic correlated with a 

rough, intergranular fracture morphology which had spherical 
carbides on the intergranular facets. However, the roll 
steel showed an increasing amount of stable crack growth as 

the austenitizing temperature was increased. If the fracture 
toughness or defect tolerance of a material is considered to 
be made up of initiation and propagation processes, the 
stress intensity factor required for initiation decreased as
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the austeniti zing temperature is increased above 875 C . 
However, the stress intensity factor required for propagation 
increased significantly and was the highest for the VAC 1 and 

VAC 2 specimens austenitized above the A cm. The best 
resistance to crack growth correlated with a smooth, 

intergranular fracture morphology where there were no 
spherical carbides present. Thus, on the basis on the small 
number of specimens tested, austenitizing above the Acm 
appears to offer an opportunity to improve the toughness or 
defect tolerance of the roll steel. However, austenitizing 
above the A cm would also change other material parameters, 
such as increasing the work hardening index, decreasing the 
initial flow stress, increasing hardenability, and changing 
the residual stress pattern, which might affect the 
performance of the work roll.
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INTRODUCTION:

High carbon alloy steel is used as work rolls in cold 
reducing mills. These steels require very high surface 
hardnesses, over Rc 6 0 , to resist plastic deformation and 
w e a r . To achieve this level of strength, the roll must be 
hardened and tempered at a low temperature. Chromium, 
molybdenum, and vanadium are added to increase the depth of 
hardening and to improve the performance of the rolls. 
Hardening is accomplished by austenitizing below the A cm and 
quenching to produce a microstructure of dispersed carbides 
in a martensitic matrix.

Unfortunately, because of the high hardness 
requirements, the surface region of the roll has only 
limited ductility and in practice will often fail 
prematurely. Most roll failures are due to spelling, a 
phenomenon described as a large piece of the roll fracturing 
away from the surface (1)• The microstructural damage is a 
result of localized overloading, either mechanical or 
thermal. The mechanical damage is often manifested by light 
etching regions that resemble adiabatic shear bands. These 
features are normally associated with deformation processes 
involving high strain rates or highly localized 
deformation(2) and represent potential crack nucléation 

sites. Once a crack is formed, it can grow under contact
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fatigue loading. The fracture toughness of the steel would 
then determine the remaining useful life of the roll. The 
residual stresses near the surface of a hardened roll are 
compressive and the magnitude of the stresses increases as 
fatigue loading continues in service.

A high carbon roll steel may be austenitized either 

above or below the Açm and still meet the hardness 
requirement. However, the microstructure and the fracture 
behavior of high carbon steels depends strongly on the choice 

of austenitizing temperature(3). After austenitizing below 
the Acm and quenching, the microstructure is mainly 
martensite and carbides with small percentages of retained 

austenite. The carbides undissolved during austenitization 
act as crack nucléation sites and the fracture morphology is 
normally transgranular with fine particles in microvoids and 

clusters of flat facets. K n o t t (4) has described the fracture 
mechanism which produces this morphology as a shear 
decohesion process along localized shear bands. The reasons 

for shear decohesion are not clear at this time.
After austenitizing above the Acm and quenching, the 

microstructure is predominately plate martensite with 
considerably more retained austenite. The austenitic grain 
size is generally coarser than for a specimen austenitized 
below the ACmr and the tendency for microcracking increases.
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Microcracking is directly caused by the impingement of 
martensite plates during the transformation from austenite to 
martensite(5). The fracture morphology of the structures 
produced by austenitizing above the Acm is intergranular and 
is normally attributed to phosphorus segregation to the 
austenite grain boundaries during austenitizing and 
subsequent formation of cementite on the phosphorus-enriched 
grain boundaries during the quench after the austenitizing 
treatment.

Literature Review For Low Temperature Austenitization

humorous references (6,7,8) indicate that the contact 
fatigue life of AISI 52100 roller bearings can be improved if 
the excess carbides, undissolved during austenitization, are 
small and uniformly dispersed. Gurland(f) examined the 
effect of spheroidized carbides on toughness, but in a 
ferritic matrix instead of a martensitic matrix. In this 
study, the tests were run at sub-zero temperatures sc that 
the Kjc that was measured was approximately the same as the 
toughness expected for the hardened roll steel at room 
temperature. The fracture surfaces of the toughness 
specimens showed a stretch zone characterized by dimpled 
rupture in a region between the fatigue crack area and the
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final brittle fracture. The results of Gurland1s test 
showed that the toughness increased with decreasing mean 

free path(i.e. decreasing particle size) at constant 
composition, but decreased with increasing volume 
fraction(i.e. equal particle size). This is essentially the 
same conclusion that the earlier researchers(6 ,7,8) came to 
on the etfect ot carbides in a martensitic matrix on fatigue 
strength.

The presence ot a partially spheroidized proeutectoid 
carbide network would appear to offer a chance to improve 
the fracture toughness of hardened high carbon steel. 
Nakazawa(lO) showed that the plane strain fracture toughness 
of AISI 52100 steel austenitized at 850 C and tempered at 
175 C could be increased when large proeutectoid carbides 
are present in addition to the fine spherical carbides that 
other researchers(6 ,7,8 ,9) indicated gave the best 
performance, see Figure 1. Nakazawa showed that the 
overload fracture followed the large carbides which had 
formed originally as a proeutectoid network along the 
coarse, 130 urn, austenite grains produced in a 
homogenization pretreatment at 1150 C prior to hardening. 
Shen(11) worked with 52100 also and showed that relatively 
high fracture toughness correlated with networks of thin, 
discontinuous carbide while lower fracture toughness
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correlated with the absence of carbide networks and networks 
composed of large, closely spaced proeutectoid carbides. In 

the absence of carbide networks, the overload fracture was 
100% transgranular with fine particles in microvoids and 
clusters of flat facets. In the presence of the 
proeutectoid carbide networks, the overload fracture 
followed a pseudointergranular path. In Yaney,s(12) thesis 
work, there was no effect of a thin, coarse proeutectoid 

carbide network on the measured fracture toughness of 52100 
specimens austenitized at 850 C and tempered at 150 C. The 
overload fracture zone was almost completely transgranular, 

with only a small fraction of pseudointergranular facets 
found on the overload fracture area of specimens with 0.023% 
P. The overload fracture area of the specimens with 0.009%
P did not have any pseudointergranular facets at all. In 
all of these cases, the thin proeutectoid carbide network 
improved or had no effect on the fracture toughness. In the 

thermal processing of high carbon steel, a considerable 
effort is made to avoid the formation of a continuous 
proeutectoid carbide network.

Obermeyer(13) simulated the high carbon case of a 
carburized steel with two heats of EX-24 steel containing
0.85% carbon; one heat contained 0.002% P, the other 

contained 0.044% P. The highest fracture toughness measured
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in this study was always found in the specimens with the 
lower pnosphorus content, see Figure 2. In a study of 52100 
steel, A n d o (14) has shown that phosphorus increases the 
growth kinetics or cementite allotriomorphs on austenite 
grain boundaries. When these two results are considered 

together, they indicate that the steel with the lowest 
phosphorus content should have a finer distribution of 
excess carbides than a steel with a higher phosphorus 
content after identical austenitizing treatments. This 
speculation is supported by unpublished research(15) on two 
heats or 52100 with different P levels. In this study, the 
undissolved carbides from the 850 C austenitizing treatment 
were extracted from the surface of a polished and etched 
cross section. The high phosphorus heat of steel showed a 
coarser distribution of carbides. Again this seems to 
support the earlier conclusion of Gurland and others 
(6,7,8,y) on the beneficial effects of small randomly 

dispersed carbides.
Obermeyer's work also indicated that intergranular 

fracture in the two grades of EX-24 steel containing 0.85% 
carbon austenitized at 850 C is caused by a film of carbide 
which forms on the austenite grain boundaries during 
quenching. In the high phosphorus steel, this occurs even 
in ice brine quenched Auger specimens. In the low
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phosphorus steel, the ice brine quenched specimens did not 

exhibit intergranular fracture, but oil quenched specimens 
did.

Literature Review For High Temperature Austenitization:

Austenitizing above the A cm generally means that the 
microstructure after quenching will contain higher 
percentages or retained austenite. Stickels(16) has shown 
that increasing the retained austenite content in 52100 will 
decrease the flow stress and increase the strain hardening 
rate in compression, thus distributing the strain over a 
wider area. Nakazawa(10) showed that the higher 
austenitizing temperatures improved the plane strain 
fracture toughness when compared to the same steel 
austenitized below the Acm in the absence of any 
proeutectoid carbide network, see Figure 1. Wallack(17) and 
Obermeyer(13), see Figure 2, also showed that austenitizing 
above the Acm would improve the toughness of 52100 steel.

Still another study(18) involving austenitizing above 
the A cm was done on 52100, but this did not involve 
quenching to form a completely martensitic matrix. The 
steel was held at 1150 C in order to dissolve all of the 

complex Fe-Cr carbides, and then it was quenched into a
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h o t (150 C) oil bath and held for 5 minutes. This produced a 

microstructure of plate martensite and retained austenite. 
Then the steel was austenitized a second time at 900 C for 
only 20 minutes and then quenched to either 55 or 255 C (255 
C is above the Ms of the steel)• The former specimen, 

quenched to 55 C, formed martensite and retained austenite 
and did not show any appreciable improvement in toughness 
when compared to the specimens which had not been subjected 
to the high temperature pretreatment. The latter specimen, 
quenched to 255 C, contained a complex mixture of bainite, 
martensite, and 23% retained austenite, and had the best 
tensile properties and almost twice the toughness of any of 
the other specimens which were tested in this series of 
experiments. The authors attributed the improvements to the 

mechanical stability of retained austenite in the specimen 
quenched to 255 C. It should be noted that standard 
fracture toughness tests were not used to measure the 

toughness in this study.

Purpose :

This investigation studied the effects of 1) the 

starting microstructure present prior to hardening and 2) 
austenitizing temperature for hardening on the fracture
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toughness of AISI 4485 roll steel with an extremely low 
phosphorus content. Experiments were designed to produce 
three distinctly different starting microstructures : 1) 
pearlite plus spherical carbides retained from previous 
thermomechanical treatments, 2 ) pearlite with no retained 
carbides, and
3) pearlite with a coarse grain boundary carbide network.
The austenitizing temperature for hardening was increased 
through the Acm in order to produce a wide range of carbide 
distributions and changes in matrix structure. An objective 

of the above experimental approach was to identify the 

thermal processing that corresponds to the highest fracture 
toughness in an effort to determine possible improvements in 
the performance of these work rolls.
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II. EXPERIMENTAL PROCEDURE:
A. MATERIALS

1. Chemical Composition and As-Received Condition:
The chemical composition of the roll is listed in Table

1. The 53 cm diameter roll was forged at 1200 C from a 100 
by 100 cm ingot, normalized at 900 C, and then tempered at 

650 C in order to break up the dendritic segregation and 

spheroidize the carbide particles. Hardening is 
accomplished by austenitizing at 850 C, water quench, and 
tempering at 175 C. This type of processing is commonly 
used for any parts such as bearings, bearing raceways and 
tools made from high carbon steel. The roll received from 
the Bethlehem Steel Corporation, Bethlehem, Pa. was probably 

given an additional normalizing at 900 C and tempering at 
650 C because the roll was soft when received at the 
Colorado School of Mines.

2. Specimen Preparation and Heat Treatment
Thirty 6 mm and ten 13 mm thick compact tension (C-T) 

specimens were machined from the section of roll according 
to ASTM specifications(19). Orientation of the C-T 
specimens with respect to the rolling direction is shown in 

Figure 3. This orientation, designated L-R, was chosen



Ta
bl
e 

I: 
Ch

em
ic

al
 

Co
mp

os
it

io
n 

of 
Ro
ll
 

St
ee
l 

- 
Wt

.

T-2713 13

>

■H55

A

co

u

moo
o
V

orH
o
coco

00t>

coco
o
ooco

cooO

O1oo

oco

co
00



T-2713 14

ROLL
AXIS

Figure 3. Schematic diagram of roll section showing 
specimen orientation.
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because it is expected to give the highest toughness. The 
first letter indicates that the crack plane of the specimen 

is oriented perpendicular to the longitudinal axis, or roll 
axis, and the second letter defines the crack propagation 
direction as the radial direction of the round.

Approximately 1/3 of the C-T specimens were homogenized 
at 1150 C for two hours in a high temperature vacuum 
furnace. Cooling was accomplished by decreasing the furnace 
temperature at a rate of 5 C/minute to 350 C. At that 
temperature, the furnace was filled with argon gas and 
cooled rapidly to room temperature. This vacuum 

pretreatment will be referred to as VAC 1. Another 1/3 of 
the C-T specimens were given a slightly different 

homogenizing pretreatment designated VAC 2. The only 

difference from the VAC 1 was that the furnace cooling rate 
was decreased to a rate of 0.1 C/minutes between 950 and 700
C. The remaining specimens were left in the as-received 

condition designated AR.
All of the C-T specimens were austenitized in a neutral 

salt bath at temperatures between 800 and 950 C for one hour 

in 25 C increments. Initially, one specimen was tested for 
each of the three different starting conditions and seven 
different austenitizing temperatures. A duplicate specimen 

was tested for the austenitizing temperatures that produced
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the highest toughness values* Extra specimens were 

austenitized at 850 C because it is the most commonly used 
temperature for high carbon steel and a measure of the 
typical scatter in toughness was needed to properly evaluate 
the results.

Each specimen was quenched from the austenitizing 
temperature into oil. One of the AR specimens which was 
austenitized at 850 C was taken from the oil quench bath 

after it reached room temperature and quenched into liquid 
nitrogen for 2 minutes. All of the specimens were then 
tempered at 175 C in oil. The specimens were identified by 

the pretreatment they received : AR, VAC 1, or VAC 2 and the 
nominal austenitizing temperature. In the case where there 
are multiple samples, a specimen number is added at the end. 
For the sample which was sub-zero cooled, an N was added 
after the austenitizing temperature.

B. X-ray Diffraction of Chemical Extraction Residue

Fine drillings were obtained from the as-received 
section and dissolved in a solution of 10% HC1 and water 

kept at approximately 50 C. The residue from the chemical 
extraction was vacuum filtered through a 25 urn millapore
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filtration apparatus. The filtered residue was taped on to 
a holder and placed in a Phillips diffractometer and scanned 

with Kg x-rays from a Cu source. The relative intensities 
of the diffracted x-rays were measured against the angle of 
diffraction. By using the Bragg equation for diffraction, 

interplanar spacings could be calculated for each peak on 
the output.

C. Mossbauer Spectroscopy

A diamond watering saw was used to cut 0.20 to 0.40 mm 
thick slices from the cross section of heat treated 13 mm 
thick C-T specimens. The slices were then chemically 

thinned with a solution of 80 parts H2 Oa (30%) , 5 parts HP, 
and 15 parts distilled water to thicknesses ranging between
0.025 to 0.050 mm. These thinned foils were used as 

Mossbauer absorbers on a spectrometer operating at constant 
acceleration with a Co :Pd source. Mossbauer analysis was 
conducted under the direction of Dr. D. L. Williamson of the 

Department of Physics, Colorado School of Mines.
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D. MECHANICAL TESTING

1. Hardness Testing:
The indentation hardness of surface ground heat treated 

C-T specimens was measured with a Rockwell hardness tester.
A 150 kg load and a Brale indenter were employed to obtain 

hardness measurements on the Rockwell C scale. The accuracy 
of the machine was confirmed by testing standard test 
blocks.

2.Fracture Toughness Testing:
All C-T specimens were polished metallographically 

through 1 urn diamond polishing compound so that the growth 
of the fatigue crack during pre-cracking could be monitored. 
Several of the 13 mm C-T specimens which were not tempered 

as soon as possible after being quenched had quench cracks 
visible on the polished surface. A 445,000 N. capacity 
closed loop servo-hydraulic MTS machine was used for fatigue 

precracking and the overload test. Fatigue loads were 
typically cycled between 90 and 1800 N. in tension at 25 Hz 
for the 6 mm C-T specimens. The loads for the 13 mm

specimens were doubled. During fracture toughness testing,
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load vs. displacement plots for each of the C-T specimens 
were obtained, from which Kjc was calculated. The overload 

tests were run under either load or strain control. Under 
load control, the load on the specimen increased at a given 
rate. For strain control, the mouth opening displacement of 
the specimen increased at a given rate. When strain control 

was used, the overload test did not always completely break 
the specimen and the specimen had to be removed from the MTS 
machine and broken open with a hammer and chisel. When load 
control was used, the specimens always broke in the machine.

E. MICROSCOPY

1. Light Microscopy:
For making general microstructural observations, 

samples were prepared by standard metallographic techniques 

and etched with 2% nital. For measuring the prior austenite 
grain size, polished samples were etched in a saturated 
picric acid and sodium tridecylbenzene sulfonate 

solution(20). A line intercept method outlined in the ASTM 
specifications(21) was used to make the measurements.
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2. Scanning Electron Microscopy (SEM)

Immediately after testing, the fracture surfaces of the 
broken specimens were stored in a plastic box with Sorb-It 
packages to prevent any degradation of the fine features on 
the fracture surfaces. Selected C-T specimens were 
electroplated with nickel so that the cross section of the 
fracture surface and microstructure could be observed. A 
solution ot 45 0 g NiS04 , 66 g NiCl2 r and 48 g H3 BO^ and 13 00 
ml ot water was used at a current density of 0.05 amp/cm2 . 
The bath temperature was approximately 55 C. Prior to the 

SEM ooservations, specimens were always cleaned 
ultrasonically in methanol. An AMR 1200 scanning electron 
microscope was used to characterize the fracture surfaces of 
the broken C-T specimens and the polished and etched 
microstruetures.

3. Transmission Electron Microscopy(TEM)

Selected specimens were used for a TEM study to 
characterize the matrix microstructure. Thin foils were 
prepared by the same method used in Mossbaur Spectroscopy. 
Disks 3 mm in diameter were punched from the foil and 

polished in a Fischione jet electropolishing unit. The
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voltage was set at 30 volts and the resulting current ranged 

from 80 to 90 mA. The electrolyte used for final polishing 
was a 5% perchloric and 95% acetic acid solution.

Replicas were prepared by depositing a carbon film on 
the surface of the specimen in a vacuum evaporator. The 
best results were obtained when the carbon film appeared to 
be a blue color. A thinner carbon film, yellowish color, 
was difficult to remove while the thicker carbon film, gray 
color, was hard to work with in the microscope. The carbon 
film was removed by scratching it with a knife and then 
etching in a nital solution. A 2% solution was used for the 
polished and etched cross sections while a 7% solution was 

used for the fracture surfaces.
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III. Results :

A. Microstrueture

1) Light microscopy
Figure 4(a), (b), and (c) show the microstructure of the 

as-received, VAC 1 pretreated, and VAC 2 pretreated roll 

steel respectively. The AR structure of the roll consisted 
of large spherical carbides in a pearlitic matrix. The 
microstructure ot the roll steel after the VAC 1 
pretreatment shows that there are no large spherical 
carbides left in the pearlitic matrix. The microstructure 
after the VAC 2 pretreatment has a proeutectoid carbide 
network on the austenite grain boundaries from the 1150 C 
treatment in the pearlitic matrix.

The light metallography of the hardened specimens 

provided little information on the extremely fine 
microstructure found in all ot the specimens austenitized 
below 900 C. Above 900 C, as more of the carbides dissolve 

in the austenite and the austenite grains grow, one 
important microstructural feature was observable.
Microcracks were found in the coarse grained regions of 

plate martensite and retained austenite in all of the
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Figure 4. The microstructure prior to hardening for the 
three different groups: a) AR and b) VAC 1,
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Figure 4. (continued) c) VAC 2 starting microstructure.
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specimens austenitized at 925 and 95 0 C. Figure 5 shows two 
good examples ot the microcracking. The microcracking is 

not uncommon in high carbon steel after austenitizing above 
the A cm and quenching(22).

Another general observation which which was made with 
the use of light microscopy was the banding and segregation 
present in the AR specimens after hardening. Figure 6 shows 
two examples ot the non-uni form microstructures produced 

after austenitizing at 850 and 945 C respectively. The 
vacuum pretreatments seem to homogenized the structure which 
formed in the VAC 1 and 2 specimens after hardening.

The prior austenite grain size was determined for 
samples from each ot the three starting conditions after 
austenitization for one hour between 800 and 950 C. The 
data is plotted in Figure 7. The results indicate that the 
samples from the three different starting conditions 
responded in a similar manner to the increase in 

austenitizing temperature except that the AR specimen 
condition did not coarsen as quickly as the other two 
groups. The large spherical carbides in the AR specimens 
did not dissolve as quickly as the carbides in the VAC 1 and 

2 specimen condition and were able to exert a greater 
restraining effect on the growth of the austenite grain 

boundaries. Assuming that the grain boundary restraining
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lO/im (a )

Figure 5. Microcracks in the VAC 2-95 0 specimen : 
a) intergranular and b) intragranular.
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Figure 6. Examples ot non-uni form microstructure in the AR 
specimens : a) segregation of alloying elements in the 
matrix after austenitizing at 945 C-2% nital etch and 
b) bands ot large carbides after austenitizing at 850 

C-soaked in boiling NaOH solution for 15 min. prior to 2% 
nital etch.
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effects ot the cementite particles has been lost when the 
austenite grain size increases significantly, an operational 

definition of the A cm is about 910 C. Some carbides are 
still present in the structure after austenitizing above 910 
C, especially in the AR specimens. Figure 8 shows examples 
of the etched structures used to measure the prior austenite 
grain size.

2) Carbide Structures After Hardening:

As the light microscopy did not provide any meaningful 
observations of the fine carbide structures found in the 
hardened specimens, carbon extraction replicas from the 
polished and etched cross sections were prepared for TEM 
examina tion.

At the lowest austenitizing temperature (800 C ) , the 

ferrite in the pearlite transforms to austenite and the 
lamellar carbides in the pearlitic matrix start to break up, 

dissolve, and spheroidize. On quenching, the austenite 
transforms to martensite with some retained austenite while 

the carbide structure is unchanged. The volume fraction of
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Figure 8. Etched microstructures used for austenite grain 
size measurements: a) AR-800 and b) AR-950. Special grain 
boundary et c h (20).
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carbides is the highest and the mean free path between 
carbides is the smallest of any of the heat treated 
conditions.

As the austenitizing temperature is increased to 
850 C, some ot the finest carbides dissolve and others tend 

to coarsen. The majority of the coarser carbides are found 
at the austenite grain boundaries from the 850 C treatment. 
The volume fraction ot carbides has decreased, but the 

carbides are more spherical and the mean free path between 
carbides has increased relative to specimens austenitized at 
lower temperatures. The carbon content of the martensite 

must be increasing as more carbides go into solution during 
austenitization.

When the austenitizing temperature reaches 900 C, the 

earlier results show that the austenite grain size is 
starting to grow and that the A cm is close by. The larger 
carbides continue to coarsen and the volume fraction has 

decreased considerably at this point, but some fine 
(>0.b urn) carbides are still present. At the 950 C 
austenitizing temperature, only a few isolated carbides 
remain, and the matrix carbon must be nearly the bulk carbon 

content, 0.82%.
The VAC 1 specimens contained only pearlite in the 

starting microstructure and thus should most clearly
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illustrate the effect of increasing austenitizing 
temperature on the pearlitic matrix. Figure 9 shows carbon 

extraction replicas that demonstrate the carbide morphology 
and distribution found in the VAC 1-800, 850, and 900 
treatments. The typical structure of all specimens 
austenitized at 950 C has been shown in Figure 5,

The AR specimens responded to the changing 
austenitizing temperatures in much the same manner as the 

VAC 1 specimens. However, there is a different size 
distribution ot undissolved carbides present, there are more 
larger (1 urn) carbides and fewer fine (>0.5 urn) carbides 

were scattered throughout specimens austenitized at 
temperatures below 900 C. Most of these larger carbides 
were present in the structure before hardening and are 

relatively unchanged by the heat treatment. Above 900 C, 
patches ot the larger carbides remain in the structure. 
Figure 10 shows the carbide structure in AR- 850; camparison 

with Figure 9 (b) shows the different carbide size 
disitributions which are attributed to the difference in the 
starting microstructure between the VAC 1 and AR specimens.

The microstructure ot the VAC 2 specimens resembled the 
VAC 1 specimens except in the regions around the prior 
austenite grain boundaries where a proeutectoid carbide 

network was formed during the 1150 C pretreatment. The



Figure 9. Carbide structure in VAC 1 specimens after 
austenitizing at a) 80 0 C and b) 850 C. Carbon extraction 
replicas.
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Figure 9. (continued) c) carbide structure in VAC 1-900 
specimen. Carbon extraction replica.
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Figure 10. Carbide structure in AR-85 0 specimen. Carbide extraction replica.
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continuous network breaks up and spheroidizes as the 
austenitizing temperature for hardening increases, thus 
causing the size of the network carbides and length of 
carbide free matrix between network carbides to increase as 
a function of austenitizing temperature, see Figure 11. The 

matrix immediately adjacent to the proeutectoid carbides is 
depleted with respect to the finer carbides formed from the 
spheroidization of the pearlitic matrix. The proeutectoid 

carbide network completely dissolves during austenitization 
above the A cm.

3. Matrix Structures After Hardening:

The AR-850, AR-85 0-N, and the VAC 1-850 specimen 

conditions were used for the characterization of the 
martensitic matrix in the TEM by the thin foil technique. 
With the TEM, the martensite morphology and fine structure, 
such as twins and transition carbides, were visible. These 
features were not readily observable with the light 
microscope or SEM.

Figure 12 shows an area in the AR-850 specimen where
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Figure 11. Carbide structure in VAC 2 specimens 
austenitized at a) 800 C and b) 850 C. Arrows point to 
unextracted carbides. Carbon extraction replicas.
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Figure 11. (continued) c) carbide structure in VAC 2-900 
specimen. Arrow points to unextracted carbide. Carbon 
extraction replica.
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Figure 12. TEM micrographs from AR-850 specimen showing 
lath martensite structure and the two different carbide 
size distributions: a) bright field and b) dark field with
(112) spot.
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the laths are nearly parallel and carbides from two 
different size distributions are visible in the bright field 

image. The large carbide, approximately 1 urn in diameter, 
was almost certainly one of the spherical carbides present 
in the as-received structure prior to hardening. The small 
carbides, 0.1 to 0.2 urn in diameter, were formed from the 
lamellar carbides in the pearlitic structure.

Figure 13 shows an area in the VAC 1-850 specimen where 

the martensite forms in the familar zig-zag plate 
morphology. The dark field image was formed with both a 
matrix and transition carbide diffraction spot. The 

transition carbides are the result of the 175 C tempering 
treatment that all specimens received. The dark streaks 
that are found inside martensite plates are twins. Again, 

the small spherical carbides are present, but no 1 urn size 
carbides could be found. This relates back to the fact that 
there were no large, spherical carbides found in the 
structure by light microscopy after the VAC 1 pretreatment.

Both AR and VAC 1 specimens had areas of lath and plate 

martensite. At lower austenitizing temperatures, the carbon 

content or the matrix would decrease and more lath 
structures would probably be present. At higher hardening 

temperatures and correspondingly higher matrix carbon 

contents, the plate morphology would tend to predominate.
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Figure 13. TEM micrographs from VAC 1-850 specimen showing 
plate martensite morphology, twins, and transition carbides 
from tempering: a) bright field and b) dark field with
(011)a spot and transition carbide spot.
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The AR-850-N specimen did not appear significantly different 
from the AR-85 0 specimen.
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B. X-ray Diffraction

The results shown in Appendix I prove that Cr23 C6 and 
VC were present in the as-received steel. The Cr23C 6 
particles would not completely dissolve during the 1150 C 
homogenizing pretreatments and as a result, some of the 
austenite grains in the VAC 1 and VAC 2 specimens were 
smaller than the 13 0 urn diameter size of the average grain. 

The Cr23 C 6 particles pinned those austenite boundaries and 
resisted grain coarsening. This also explains the 
appearance ot part ot the grain boundary carbide network 
which formed during the VAC 2 pretreatment. Figure 14 shows 
areas where a spherical carbide appears to lie in the grain 
boundary, breaking up the carbide network, producing the 

zig-zag pattern. These spherical carbides are almost 
certainly Cr23C 6.

C. Construction ot Experimental Phase Diagram
Experimental heat treatments of metallographic 

specimens were run in order to determine the A^ temperature 
for this steel. The surface hardnesses of specimens 
austenitized between 725 and 800 C are plotted in Figure 15 

vs. austenitizing temperature. From this information, an
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• :

Figure 14. SEM micrograph from a VAC 2 specimen prior to 
hardening. Round particles in the carabide network are 
most probably CrggCg. 5% nital etch.
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operational definition of the A x would be approximately 765
C. A calculation for determining the A 1 temperature, yields 
a value of 749 C (23) for the composition of the roll steel 
as presented in Table I. From the results of the austenite 
grain size measurements, it appears that 910 C would 
probably be a good temperature to choose for an operational 
definition of the A cm.

Given these two results, a modified phase diagram for 

this alloy can be constructed. Starting with the standard 
Fe-cementite diagram, the horizontal line representing the A 1 
temperature is raised up to 765 C. The assumption is that 

the line is horizontal. In actuality, there is a 3 phase 
field with ferrite, austenite and carbide present. Next, 
the line representing the A cm is moved up parallel to its 
original position until it passes through the point 
representing 910 C and 0.82% carbon. Figure 16 shows how 
this modified phase diagram looks with respect to the 
Fe-cementite diagram. The eutectoid carbon composition is 
approximately 0.50% in the alloy roll steel.

D. Mossbauer Spectroscopy

The retained austenite measurements in three different
specimen conditions were checked and the results are shown
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in Table II beiow:

Table II. Mossbauer Spectroscopy Results

Volume fraction 
Sample # of austenite
AR-850 20%
AR-850-N 6%
VAC 1-850 23%

The results did not reveal the presence of any carbides 

in the microstructure which are certainly present in these 
three samples. Unpublished research(2 4) has shown that the 
Mossbauer peak from the carbides is located inside the peak 

from the austenite. This makes it impossible to accurately 
distinguish between the carbide and austenite peaks.
However, by comparing the AR-850 and AR-850-N specimen 

results, the decrease of the measured volume fraction must 
be due to the transformation of retained austenite to 
martensite. This means that there must have been at least 

14% retained austenite in the AR-850 specimen. The 
difference in the retained austenite levels in the AR-850 

and VAC 1-850 specimens is probably not significant.
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E.Mechanical Testing

1. Surface Hardnesses :
The hardness or the as-received roll was R c 23. The 

surface hardness from each hardened test specimen was 
measured and is plotted vs. austenitizing temperature in 
Figure 17. These results are very similar to what 
Nakazawa(10) found for 52100 austenitized at different 

temperatures and then tempered at 175 C.

2. Compact Tension Testing:
All but one ot the specimens were successfully fatigue 

precracked and tested according to ASTM E399(19)• The 
pertinent information is listed in Table III. Five of the 
test specimens did not meet all of the ASTM requirements for 
validity and are noted in Table II along with the reasons 
for not meeting the prescribed requirements. Figures 18,
19, and 20 show the data plotted vs. austenitizing 
temperature for each of the three starting conditions. The 
dashed curves are shown for discussion purposes and are not 

meant to imply a functional relationship. The scatter in 
the data, particularly in the AR group, is a reflection of 
the non-uniform microstructure which was present. Figure 21 

is a plot that superimposes the curve for each of the
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starting conditions on one plot for comparison.
The majority of the specimens were broken in the 

overload test with the MTS system under sttain control. All 
of the specimens which were broken with the MTS system under 
load control are noted in Table III. ASTM E399 does not 
specify exactly how the overload test should be run, only 

the loading rate. The loading rate used was approximately 
the same for both the load controlled tests and the strain 

controlled tests until the point where the load-displacement 
curve deviated from linearity. Figure 22 shows the load 

displacement curves for VAC 1-850 in both load and strain 
control. Under load control, the specimen fractured as soon 
as the maximum load was reached. The small deviation from 

linearity was probably due to the relaxation of residual 
stresses in the specimen and/or some small amount of stable 
crack growth. Under strain control, the load on the 
specimen went through a maximum and then decreased before 
the specimen fractured. The loading rate decreased markedly 
in strain control once the load-displacement curve reached 
the maximum load. The decrease in the loading rate was 
accompanied by the growth of a stable crack from the fatigue 
precrack in the specimen. This effect was observable on the 
load-displacement curves for the 850 specimens and all 6 mm 

specimens austenitized at temperatures above that. The 13
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MAX
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D I S P L A C E M E N T

Figure 22. Load vs. displacement curves for the VAC- 1-850 
specimen condition tested under strain control and load 
control. The shapes of the curves were traced from the 
actual test record.
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nun thick specimens showed less stable crack growth than the 
6 mm thick specimens. For the 800 and 825 specimens, the 

load-displacement curves look very similar to that shown in 
Figure 22 for load control and no stable crack growth could 
be observed visually during the test.

As far as the measured fracture toughness is concerned, 
there does not appear to be any significant difference 
between load control and strain control in conducting the 

final overload test. The only direct comparison available 
in this group ot data points occurs for the VAC 1-850 
specimen condition. In this case, the single data point 
obtained under strain control falls within the range of 
scatter found in the four data points obtained under load 
control.

The measured toughness of the single specimen which was 
sub-zero cooled prior to tempering was lower than any of the 
other specimens austenitized at 850 C, regardless of the 

starting condition. The AR 850-N, 13 mm thick, specimen 
which was tested in the MTS machine under strain control 

broke once the maximum load was reached, resembling the 
specimens tested under load control.
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F. Fractography

1. Macroscopic:
The macroscopic fracture appearance of the AR C-T 

specimens is shown in Figure 23(a). Between 800 and 900, 
the fractures appear smooth and dull as is characteristic of 

a fine, transgranular fracture surface. For the 950 
specimen, the surface is very shiny and faceted as is 

characteristic of a coarse, intergranular fracture surface. 
Figure 23(b) shows the macroscopic appearance of the VAC 1 
C-T specimens. It shows essentially the same trend. Figure 

23(c) shows the VAC 2 specimens. Again, the fracture 
surfaces are similar to those shown for AR and VAC 1 
specimens except that at 800, there are several large facets 
in the overload region which correspond to fracture along 
the coarse proeutectoid carbide network.

2. Microscopic-SEM:
The microscopic fractographs of the specimens tested 

under strain control normally show three distinct regions on 
the fracture surface. Region I is the fatigue precrack 
area. Region II is the stable crack extension followed by 
Region III where the unstable, fast crack extension 
occurred. The size of Region II was extremely small for the



T-2713 62

950 900 850 80 0
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<_____ i

(a)

950 900 850 80 0
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i----- -

(b )

m

Figure 23. Low magnification view of the broken compact 
tension specimens: a) AR and b) VAC 1.
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Figure 23. (continued) c) VAC 2 broken compact tension 
specimens.
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800 and 825 specimens, but increased with increasing 

austenitizing temperature until at 875 C and all
austenitizing temperatures above that, the specimen could
not be completely broken in the MTS machine operated under 
strain control. The clip gauge used to measure the 

displacement ran out of range. This usually resulted in a 
region which was approximately 6 mm long. The fracture 
morphology in Region II was distinctly different from the
morphology found in Region III for all specimens
austenitized at 900 C and below. For the 925 and 950

specimens, the fracture was almost totally intergranular, 
and there was very little difference in the fracture 
morphology in Regions II and III.

Figures 24 thru 28 show Region II in the AR specimens. 
At 825, Region II is short and appears to be a mixture of 

two basic fracture morphologies. Morphology A is 
transgranular and has numerous fine, flat facets.
Morphology B is roughly intergranular with several large, 

spherical carbides found on each of the larger facets. As 
the austenitizing temperature is increased from 800 to 
875 C, the percentage of A decreases and B increases. At 

875, the fracture is almost completely type B. For the 950 
specimen, there are two distinct grain sizes of 
intergranular fracture. The fine grained region still has
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Figure 24. Fracture morphology on surface of AR-825-2
specimen, Region II, is a mixture of types A and B :
a) 500x and b) 2000x.
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Region I Region II

Figure 25. Fracture morphology on surface of AR-850
specimen, Region II, is mainly type B and with some A:
a) 200x and b ) 2000x.
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Region I Region II

^ c y m (o)

(b )

Figure 26. Fracture morphology on surface of AR-875
specimen. Region II, is nearly 100% type B : a) 200x and
b) 2000%.
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Figure 27. Fracture morphology on surface of AR-900 
specimen. Region II, is mixture of types B and C : 
a) 500x and b) 5000x.
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Figure 28, Fracture morphology on surface of AR-950
specimen, Region II, is a mixture of types B and C :
a) lOOx and b) 2000x.
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numerous larger carbides on rough facets, morphology B, 
while the coarse grained region has smooth facets which do 

not have large carbides on the surface, referred to as 
morphology C.

The VAC 1 specimens show a similar trend to that

described for the AR specimens. Region II starts out very
small and a mixture ot morphologies A and B. However, the 
percentage or A in the VAC 1 specimens is higher at any 

given austenitizing temperature than in the AR specimens. 
There is still some transgranular, A, found in VAC 1-950. 
Figures 29 thru 33 demonstrate these observations.

The VAC 2 specimens, Figures 34 and 35 show the same 
trend as the VAC 1 specimens. In addition to the three 
fracture morphologies mentioned so far, a fourth, designated 
D, is found to varying degrees on the VAC 2 specimens.
These regions ot D are large facets associated with the 130 
urn proeutectoid carbide network formed on cooling from 1150 
C during VAC 2. The highest percentage of morphology D is

found on the fracture surface of
VAC 2-800 and even in that specimen the fraction of the 
total area that fractured by morphology D is low. 
Nakazawa(lO) found a large percentage of type D on the 
fracture surface ot 52100 C-T specimens which were had a 

microstructure similar to the VAC 2 specimens, and type C
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Figure 29. Fracture morphology on surface of VAC 1-825
specimen, Region II, is a mixture of types A and B :
a) 500x and b) 2000x.
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Region I Region II

Figure 30• Fracture morphology on surface of VAC 1-850
specimen. Region II, is a mixture of types A and B :
a) 500x and b) 2000x.
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Figure 31. Fracture morphology on surface of VAC 1-875
specimen. Region II, is a mixture of types A and B ;
a) 500x and b) 2000x.
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Region I Region II

Figure 32. Fracture morphology on surface of VAC 1-900
specimen. Region II, is a mixture of types A, B, and C:
a) lOOx and b) 2000x.
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Figure 33. Fracture morphology on surface of VAC 1-950
specimen, Region II, is a mixture of types A and C :
a) 200x and b) 2000x.
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Region
Region I II Region III

Figure 34, Fracture morphology on the surface of VAC 2-800
specimen showing all three regions : a) 20x and b) 200x.
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Figure 34. c) VAC 2-800 fracture surface at 50Ox.
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Figure 35. Fracture morphology on surface of VAC 2-850
specimen. Region II, is a mixture of types A and B :a) 500x and b) 5000x.
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corresponded to the specimens which had the highest 

toughness.
The fracture morphology in Region III is shown in 

Figure 36 for the VAC 2-850 specimen. It was essentially 
the same for all VAC 1 and 2 specimens austenitized below 
900 C and consisted of practically 100% of morphology A.

The AR-850-N specimen did not show a distinct region II 
of slow crack growth. Region III showed a mixture of 

mechanisms A and B, but right at the boundary between the 
fatigue and overload, the fracture was almost 100% 
intergranular, morphology B, Figure 37. This observation of 
Region III was characteristic of all of the AR specimens 
austenitized below 900 C.

After austenitizing above 900 C, the fracture 
morphology of all ot the specimens in Region III was 
dominated by type C morphology, smooth intergranular facets, 
with a grain size which corresponds to the final 
austenitizing treatment. The morphology C was characterized 
by multiple branches ot the crack, see Figure 38.

3. Microscopic-TEM:

Replicas were made of the fracture surface of selected 

specimens in order to observe in more detail the fine
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Region II Region III

Figure 36, Fracture morphology on surface of VAC 2-850-2
specimen, Region III, is a mixture of types A and D
a) 50x and b) 500x.
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Figure 36. (continued) c) VAC 2-850-2 specimen. Region III, 
at 50OOx.
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Figure 37. Fracture morphology on surface of AR-850-N 
specimen. Region III, is mostly type B with a small
fraction of A.
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Direction of crack Propagation

Figure 38. Cross section of the fracture surface of the 
VAC 2-950 specimen showing the branching of the crack front 
as it moves through the specimen. The ribbon of material 
near the surface is Ni which was plated on the fracture 
surface. No etch.
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features noted in the SEM fractographic results. The same 
type or trends were observed in the fracture morphology as 

were reported in the previous section.
Figures 39 and 40 show areas on the fracture surface of 

the AR-825-2 and the VAC 1-850 specimens respectively.
Areas or both fracture morphologies A and B are visible.

The larger, smoother facets are associated with large 
carbides and are typical of morphology B. These facets are 

roughly the size of the prior austenite grains. The small 
dimples are representative of the transgranular morphology,
A. A small carbide can be found near the center of most of 
the small dimples. The other half of the C-T specimen must 
have the mirror image of these dimples with carbides in 
those dimples which do not have carbides in these pictures. 

The different size distributions of carbides undissolved 
during austenitization in the AR and VAC 1 specimens show up 

again on the fracture surfaces.
Figure 41 shows the VAC 1-850 fracture surface, but 

magnifying the region ot transgranular fracture, morphology 

A. This picture is at the same magnification as Figure 9b, 
the replica from the polished and etched cross section of 
the same specimen. By comparing the two figures, it appears 

that nearly every carbide in the polished and etched cross 

section will produce a shallow dimple on the fracture surface.
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Figure 39. TEM micrograph from the fracture surface, 
Region IIT of the AR-825-2 specimen showing a mixture of 
types A and B. Carbon extraction replica.
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i & 5
Figure 40, TEM micrograph from the fracture surface, 
Region II, of the VAC 1-850 specimen showing a mixture of 
types A and B. Carbon extraction replica.
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Figure 41. TEM micrograph from the fracture surfacef 
Region II, of the VAC 1-85 0 specimen at the same 
magnification as Figure 9(b), the polished and etched cross 
section or the same specimen condition. Carbon extraction 
replica.
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DISCUSSION:

A. Plane Strain Fracture Toughness Results
The experimental heat treatments have produced a wide 

range of carbide distributions, different prior austenite 
grain sizes, different martensite morphologies, different 
percentages of retained austenite(13), and very little 
variation in surface hardness(Figure 17)• Despite the large 

changes in microstructure, there is remarkably little 
variation in the fracture toughness. Figures 18, 19, 20, 
and 21 show the variation of Kjc with austenitizing 

temperature and pretreatment. K Ic increases slightly 
between 800 and 875 C and then decreases as the 
austenitizing temperature is increased to 950 C. There is a 
considerable amount of scatter in the results for the AR-850 
specimen condition due to the relatively non-uniform 
distribution of carbides. This scatter forces a healthy 

amount of caution into any interpretation of the Kj c 
results. In an attempt to clarify the situation, it might 
be helpful to look at the definition of toughness 
critically.

K Ic is defined as the defect tolerance of a material 
under linear-elastic behavior. In simple terms, this means 
that for a given crack length, the material can only

tolerate a limited amount of load which is determined by its
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toughness, Kjc , before the specimen breaks. The ASTM E399 
specification requirements are set up to guarantee 

linear-elastic behavior. However, the results of this 
thesis, do not appear to support this definition. An 
example should help demonstrate this point.

The AR-825-2 specimen has a higher Kjc than the AR-875 
specimen. The crack lengths from fatigue precracking were 
essentially the same for both specimens, and both specimens 

met all the requirements of E399 for a valid test. However, 
the AR-875 specimen could not be fractured in the MTS 
machine operated in strain control while the AR-825-2 

specimen, also tested in strain control, became unstable 
during the overload test and broke in two. Thus, there does 
not appear to be a direct correlation between Kjc measured 

in this test and the defect tolerance of the hardened roll 
steel.

The presence of stable crack extension during the 

overload test in the specimens which were austenitized above 
850 C was the most unexpected result from this series of 
tests. Normally, a high carbon steel hardened to Rc 60 is 
thought of as being very "brittle". The slow crack growth 
which was observed implies a relatively higher toughness and 

defect tolerance than a material which does not show any 

slow crack growth. The results of this series of tests show
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a distinct transition from no stable crack growth for 
specimens which were austenitized at 800 and 825 C to 

increasingly longer regions of slow crack growth in 
specimens austenitized at higher temperatures.

In general, increasing austenitizing temperature, 
decreasing volume fraction of carbide, and increasing 
percent retained austenite correlated with increasing 
amounts of stable crack growth. Figure 42 shows a schematic 

representation of this correlation. The specimens which had 
no stable crack growth would be in the lower left of the 
plot. The load(P) vs. displacement(u) curves for these 

specimens with no stable crack growth would look like that 
shown in Figure 43(a). This type of P vs. u curve implies a 
relationship between the stress intensity factor(K) and 

crack length(a) that does not increase, see Figure 43(b).
The specimens which were austenitized above 850 C showed 
considerable stable crack growth and are at the top right 
side of Figure 42. These specimens showed a P vs. u curve 
and a K vs. crack length plot like that shown in Figure 44. 
This type of fracture behavior requires an increasing K to 

propagate the crack. All of these factors point to a 
difference in resistance to crack growth of the roll steel 
that is changing with austenitizing temperature and that 

cannot be described simply by the fracture toughness, Kjc .
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instability

P

u

(a)

Ko
K (b)

A  a
Figure 43. Schematic representation of the a) P vs. u 
curve and the b) K vs. crack length plot for specimens 
which did not exhibit any stable crack growth.
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A  a
Figure 44. Schematic representation of the a) P vs. u 
curve and the b) K vs. crack length plot for specimens 
which showed considerable stable crack growth.
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Other methods of measuring the fracture toughness such 
as COD, J integral, and R curve analysis are used for 
plastic and/or plane stress conditions which do not apply 
for the plane strain conditions observed in the testing of 
the roll steel, There are no established theories of 
measuring fracture toughness under conditions where slow 
crack growth occurs in plane strain conditions. M ilne(25) 
encountered a similar situation in measuring the toughness 
of a quenched and tempered medium strength steel in the 
ductile to brittle range. His solution was to report an 

apparent fracture toughness, Km , which incorporated the 
effects of slow crack growth and plasticity rather than 
trying to measure Kjc. He also recommended that the defect 
tolerance of components made from a steel which is 
susceptible to slow crack growth be based upon the stress 
intensity factor at the onset of slow crack growth obtained 

from specimens equal in thickness to the thinnest section of 
the component. This is a safe approach for designing a 

specific component, but does not address the fundamental 

problem involved in testing and evaluating materials.
In a strictly qualitative sense, it appears that the 

extent of stable crack growth would be a reasonable measure 
of toughness. In this case, instability would define the 
toughness of a material. Paris, et. a l . (26) associated
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instability with the global conditions in a test specimen 
and loading arrangement which produce the driving force to 

cause unstable crack extension by a "tearing" mechanism.
This fact is illustrated clearly by comparing the P vs. u of 
the two specimens tested in the VAC 1-875 condition, shown 
in Figure 45. The measured K j c for these two specimens were 
almost identical. No. 1, 6 mm thick, showed considerable 
stable crack growth and was not broken in the MTS machine. 

No. 2, 13 mm thick, broke almost as soon as the maximum load 
was reached and did not show any stable crack growth. Both 
specimens were heat treated the same and both were tested 
under strain control. Obviously, the global conditions 
around the crack tip have changed and produced unstable 
crack growth where there was only stable crack growth 
bef ore.

In theory there must exist a material parameter which 
would completely describe the material's resistance to 
tearing. Ideally, this could be expressed in terms of 
energy such as J Ic. The energy applied by the testing 
arrangement can be described simply from specimen 

dimensions, compliance calibrations, and a given point on a 
load vs. displacement record. Thus, instability would occur 
whenever the energy applied to the system exceeded the 

material's resistance to tearing. Paris, et. a l . (27) have
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point of instability

n o ^  \ \  instabilitya<3 /Specimen / *2 13mm. thick)
Specimen

(6 mm. thick)

D I S P L A C E M E N T
Figure 45. Schematic representation of the P vs. u curve 
from the VAC 1-875 specimen condition for 5mm and 13mm 
thick compact tension specimens. The shapes of the curves 
were traced from the actual test record.
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proposed just such a theory for instability under fully 
plastic conditions. They extend the theory to include 

tearing instability of the general small-scale yielding 
case. Their initial experimental w o r k (26) demonstrated the 
transition from stable to unstable behavior in specimens 
where the material's resistance did not change, but the 
energy applied was increased.

It seems reasonable to apply the principles of this 

theory to the situation at hand. The P vs. u curves from 
the Kic test and the specimen dimensions would allow the 
calculation of the applied energy at the point where the 
crack growth becomes unstable. This is only possible for 
two of the specimen conditions, VAC 1-85 0 and VAC 2-85 0.
The critical energy required to produce instability can be 
calculated from the stress intensity factor, Ka , at the 
point of instability. If Ka is compared to the Kj measured 
for those same specimen conditions, the Ka is significantly 

higher. An example of this calculation is shown in Appendix 
II and the results are shown in Table IV below.

Table IV: Comparison of Ka to KIc

Specimen Ka (MPa/m) KIc (MPa/m)

VAC 1-850 24.6 19.9

VAC 2-850 26.3 21.5
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A different type of analysis has been applied by 
Hermann and R i c e (28) to measure the toughness of a high 

strength steel which shows considerable stable crack growth. 
The P vs. u curve for their specimen is almost identical to 
that shown in Figure 45 for VAC 1-875, the 6 mm thick 
specimen. From the P vs. u curve, Hermann and Rice 

calculate a Jp parameter which is plotted against crack 
growth. Figure 46. JD equals G, the elastic strain energy 

release rate, when the crack starts to grow through an 
elastic-plastic solid with a neglibibly small plastic zone. 
The curves labeled M and My denote, respectively, the 

applied moment and the fully plastic moment. Jp is the
calculation of the J integral far from the crack tip and
would not reflect the presence of stable crack growth. As 
the crack grows longer, the plastic zone also grows and the 
relationship between JD and G no longer holds. This 

analysis showed that the value of JD reaches a maximum 
steady state value as the crack grows. It appears that this 
maximum value of JD could be used as a material parameter to 

evaluate the toughness of steels which show stable crack 
growth and have a negligibly small plastic zone.

JD cannot be calculated directly from the P vs. u
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curves in the fracture toughness tests produced in this 

experiment. However, J can be calculated from the stress 
intensity factor at different crack lengths. This 
calculation is essentially the same as that shown in 
Appendix II. The P vs. u curves for the 875, 900, 925, and 
950 specimens from each of the three starting conditions 
were analyzed in just such a manner and plotted aginst the 

change in crack length in Figures 47, 48, 49, and 50.
These plots show that the AR specimens have a 

consistently lower maximum value of J than the vacuum 

pretreated specimens. The higher austenitizing 
temperatures, 925 and 950 C, had the highest J values, and 
had not reached a maximum over the range of crack extension 

measured.
This discussion has exhausted the different possible 

techniques for measuring toughness from the P vs. u curves 

obtained in the mechanical testing. The theory of Paris, 
et. al.(26) for measuring the applied energy required to 
cause a transition from stable to unstable crack growth 

sounds appealing, but does not allow the evaluation of 
specimens austenitized below 850 C where no stable crack 
growth is noted, or specimens austenitized above 850 C where 

only stable crack growth occurs. The plots of J vs a, 
derived from the paper by Hermann and R i c e (28), provide the



T-2713 101

OU

>

O
CM CM

E
£

X
h—
CDZ
LU

O<
OCo

53OMen
Jsd
U<duu
4-1O

03G<UE■Hu
K03Co m 

•h  r~ 4J oo ü I G CN G4-1 U  <  ce >
03 TD (d G 

fd
(d *-«u m  u r~ fd œ
o»
u y<U <C c >(U
- mha r~ oo

03 03 X i 
U  -M 
Gen u
•H OCm 4-4

(i-WNX) T ‘ V3tiV/À9ti3N3



T-2713 102

CM

ro

CM

OlOo

E
E

x
h~
OZUJ_l
k:o<
(Zo

5
ov-i
O'

u(di-iu
M-t
O

03 
C

e
•H
U
(D04 03

O
OCTi
IfN

C

O
•H
4-1 
O

§4-1 U < fd >
03 HD(d c<d
fd -0 o1-4 ofd cn
cn
u y 0) <
C ><u
- ori o

CTi

==•§
«d1

(U0 x:
U  4-1
3tjl 1-4 

•H O 
U-t 4-|

(i-UJNX) f ‘ V3tiV/A9ti3N3



VAC
 I

T-2713 103

E
E

x
ozUJ
k:o<oro

<u
-p
po
Xi-p3opCn
ufdpo
4-4o
G O •H 4-1 U G G

4-4 inCM
fd cn icn cm fd ufd <cu >pfd n3 \  G>i fdCr
P -
(U m  
G cm(U (Ti I
i;-)U . <cn
d) m 
P CM Gtn i •H ckiP4 <

( i-WNX) T ‘V3tiV/A9ti3N3



T-2713 104'

O

EE
X
)—CDZUJ

o<
û:o

rC-P3OUen .
03^  cu eu (0 E

u  -HU u (U4-1 o, 
O  03
C O
O  LD•h en 
-p I U CN C

>
TSC(d
om

D 4-4
rd
03 fd
(d<u p rd et \  I
> 1  r— Ien
u y<u < c >(U
S. Of-3 m en

<13 Q3Æ  
P  -P Den p •h oEn 4-1

(i-UJN>l) T  ‘ V3tiV /À9ti3N3



T-2713 105

most information, but still do not provide a comprehensive 
method of evaluating all of the mechanical test results.

By combining the results from these non-standard tests 
with the results of the E399 analysis, the most obvious 
conclusion appears to be that the AR specimens have less 
"toughness" than the VAC 1 or VAC 2 specimens when 
austenitized above 850 C . This could have been stated 
simply from the results of the E399 analysis if the scatter 

in the results was disregarded. The analysis of Hermann and 
Rice support this conclusion.

The results do not point to any specific temperature 
for austenitizing the steel to obtain the best toughness. 
When considering just the E399 analysis, the VAC 1-875 and 
VAC 2-825 specimen conditions appear to be the best.

However, there is considerable scatter in the data and this 
ignores the experimentally observed relationship between 
slow crack growth and austenitizing temperature. Figure 42. 
The Hermann and Rice type analysis points to austenitizing 
above the A cm for the best resistance to crack growth even 
though the measured Kjc is relatively low. This is true for 
all three test groups.
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DISCUSSION

B) Fracture Morphologies and Related Mechanisms

1) Transgranular, Type A Fracture

The transgranular morphology identified as A in the 

results section is identical to the type of transgranular 
fracture seen in 52100 by Sh e n (11), Nakazawa(10), and 

Y a ney(12). This morphology is seen predominantly in Region 
III of the VAC 1 and 2 specimens austenitized below the Ac m . 
It also is found to some extent in Region II of all of the 
VAC 1 and 2 specimens and the AR specimens austenitized 
below 850 C. Morphology A is associated with fine, 0.1 urn 
to 0.4 urn, intragranular carbides.

The classic description of transgranular crack growth 
consists of void formation by shear decohesion around second 
phase particles ahead of the crack tip and void growth in 

the hydrostatic tensile stress field. An internal neck is 
formed beween the void and the crack tip and final 
separation occurs along a knife edge. The fracture surface 
is composed of cusps and dimples, centered on the second 

phase particle.

However, in high strength steels, the toughness is
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limited by the shear decohesion mechanism as suggested by 
Knott(4). On the microscopic scale, the dislocations are 
concentrated into a localized shear band which tangles 
around carbide particles until such a density is reached 
that the interfaces decohere and resistance to flow 
decreases catastrophically. The whole shear band then 

"unzips" around the carbide particle. When the carbides are 
small and closely spaced as in the specimens austenitized 
below 850 C, this mechanism can control the fracture process 

and the specimen becomes unstable with no stable crack 
growth. As the austenitizing temperature is increased, the 
carbide size and spacing increases and the strain is spread 

out over a greater area requiring higher stresses to develop 
the localized shear bands. Thus, as the austenitizing 
temperature is increased, the stress required to operate the 
transgranular mechanism can increase to the point where it 
becomes greater than the stress required to activate other 
competing fracture mechanisms.

In the fractography results section, the transgranular 
morphology. A, completely disappears in Region II of the AR 
specimens austenitized above 850 C. This corresponds to the 

dissolution of most of the fine, 0.1 to 0.4 urn, carbides 
inside the grains leaving the larger, 1 urn diameter, 

carbides. At any given austenitizing temperature, the VAC 1
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and 2 specimens have a higher percentage of the fine 
carbides than the AR specimen and the transgranular 

morphology appears to a greater extent on the fracture 
surface of the VAC 1 and VAC 2 specimens.

Transgranular fracture was also seen in Region II on the 
fracture surface of the VAC 1 and 2 specimens austenitized 
above the A Cm. The results from the light microscopy show 
that there are very few carbides left in the structure after 

austenitizing above the A cm. The mechanism responsible for 
this type of transgranular fracture must be different than 
that described above, perhaps one associated with 

microcracks in the plate martensite in these specimens.

2) Intergranular, Type B Fracture

This type of intergranular morphology, as shown in 
Figure 23 (b) in the AR-850 specimen, is caused by the 

presence of spherical carbides on the prior austenite grain 
boundaries. This definition is needed to differentiate it 

from morphology C, which is produced by a different 

mechanism, where there are no spherical carbides on the 
grain boundaries. Morphology B was found in Region II of 

all of the specimens to varying degrees (refer to the
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fractography results section) and in Region III of the AR 
specimens.

As the load on the specimen is increased, voids first 
nucleate around the largest carbides in the structure. The 
majority of these larger carbides are on the prior austenite 

grain boundaries. The formation of these voids would lower 
the grain boundary cohesive strength between the carbides 
and permits the crack to propagate along the prior austenite 

grain boundaries between large carbides rather than a 
transgranular path.

The fact that many of the larger carbides are found at 

the prior austenite grain boundaries is no accident. In the 
case of the AR specimens, large (1 urn diameter), spherical 
carbides were present in the starting structure. During 

austenitizing below the A cm, these large carbides were 
essentially unchanged and effectively stopped the austenite 
grain boundaries from migrating.

In the vacuum pretreated specimens, there were no 
large, spherical carbides present before hardening. After 
austenitizing at 800 and 825 C, fine, 0.1 to 0.4 urn 
diameter, carbides were found in the structure and the 
fracture mechanism found in these specimens was essentially 
all transgranular. When the vacuum pretreated specimens 

were austenitized at 850 C, some of the finest carbides
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dissolved and a few of the larger carbides coarsened as 

would be expected from the phase diagram and Oswald 
ripening(29). Carbides at austenite grain boundaries would 
coarsen preferentially due to the higher grain boundary 
diffusion coefficients. These carbides, although not as 
large as the 1 urn carbides in the AR-850 specimen, could 
also serve as sites for void formation, weakening the 
boundary and promoting fracture mechanism B. The smaller 
carbides require a higher strain concentration at the 
interface between carbide and matrix for decohesion. This 

is reflected by the larger J values required for crack 
growth shown in Figure 47 for the AR-875 specimen compared 
to the VAC 1 and 2-875 specimens.

Morphology B is associated with stable crack growth, 
so the propagation mechanism must require additional energy 
from the system. Figure 5(j shows a TEM fractograph of a 

carbon extraction replica of Region II from the VAC 1-875 
specimen. The rough facets of Morphology B link up by a 
shear procès which procuces a dimpled surface. This may be 

the step in the fracture process which absorbs energy as 
the crack grows.

Morphology B was the dominant feature on the fracture 
surface of the AR-850-N specimen, but there was no distinct 
Region II on the fracture surface and there was no stable
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Figure 51. TEM micrograph of fracture surface, Region II, 
of the VAC 1-875 specimen showing a tear ridge between two 
relatively smooth facets associated with fracture 
morphology B.
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crack growth. The measured toughness was the lowest of any 
of the specimens austenitized at 850 C. AR-850-N was 13 mm 

thick and was broken with the system under strain control. 
The fact that there was no indication of stable crack growth 
on the P vs. u curve is not surprising. All of the other 13 

mm thick specimens showed a consistent lack of stable crack 
growth on the P vs. u curve, like that shown in Figure 45 
for the VAC 1-875 13 mm thick specimen. However, the other 

13 mm thick specimens, particularly AR-825-2, did show a 
small, but distinct Region II between the fatigue and 
unstable crack growth areas. The fact that there was no 

Region II found on the fracture surface of AR-850-N is 
certainly linked to the sub-zero cooling treatment and an 
indication of lower "toughness". The initiation process 

appears to be a function of only the carbide structure, so 
that this lower "toughness" must be related to the 
propagation process.

Karr etc. el.(18) also saw a type of intergranular 

fracture in 52100 which looks like morphology B and 
attributed the intergranular fracture to the presence of 
spherical carbides on the austenite grain boundaries and to 
transformation stresses. Briant and Banerji(30) discuss 
this type of mechanism for intergranular fracture in steel 

in a recent review article. They point out that the
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intergranular facets produced in this manner are not the 
smoothf "rock candy", surfaces that are typically associated 

with intergranular fracture. In most instances where 
particles cause intergranular failure, the fracture surfaces 
possess some ductility, i.e. dimples form around the 
particles. This is not observed on the facets of morphology
B . However, as discussed earlier in the section concerning 
transgranular fracture, the structure of high strength 

steels can "unzip" along perferred paths after decohesion 
occurrs at the particle-matrix interface.

3) Intergranular, Type C Fracture

This type of intergranular morphology, as shown in 
Figure 28(a) in the AR-950 specimen, is identical to the 

type of morphology described in the introduction as being 
typical for high carbon steel broken after austenitizing 
above the Ac m . In this investigation, only those specimens 

which were austenitized near or above the Acm showed this 
type of fracture morphology.

Morphology C is normally associated with a thin film of 

cementite which forms at the prior austenite grain 

boundaries during the quench after the austenitizing
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treatment(13). A crack can initiate at the interface 
between the thin film and the matrix easily because of the 

large aspect ratio of the carbide. The crack propagation 
follows the prior austenite grain boundaries with 
considerable branching of the crack observed at triple 
points, refer to Figure 3 8.

The analysis of crack growth resistance based on the 
work of Hermann and R i c e (28) show that the specimens 

austenitized above the Acm have better resistance to crack 
growth than any of the specimens austenitized at lower 
temperatures. Yet the E399 analysis shows that the 

specimens austenitized above the Acm have a lower Kjc and by 
definition a lower "toughness". To resolve this apparent 
contradiction, it would be useful to consider the fracture 

process as an initiation and propagation process. For 
specimens which show considerable stable crack growth, the 

measured K Ic from the E399 analysis is really the stress 

intensity factor at 2% stable crack growth. For the crack 
to grow more than 2%, additional energy must be applied to 
the specimen, as is implied by the shape of the J vs. crack 
length plot. From the maximum value of J, a stress 

intensity factor can be calculated which would correspond to 
a K for propagation. Relating this increase in applied 

energy required for crack growth back to the mechanism of
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morphology C, the crack branching must be absorbing the 
energy, in effect blunting the crack.

4) Psuedointergranular, Type D Fracture

This type of morphology is found only in the VAC 2 

specimens austenitized below the Acm , and makes up only a 

very small percentage of the total area on the fracture 
surfaces. The cementite network partially spheroidizes 
during austenitization, producing large carbides which could 

influence the direction in which the crack will propogate.
If these large carbides which were orginally part of the 
network decohere from the matrix before decohesion occurs at 

the other carbides in the structure, then it is possible for 
the crack to grow along the prior austenite grain boundary 
from the vacuum pretreatment.

The chance of this mechanism operating and particpating 
in the fracture process is related to the statistical 
probability of the large spheroidized carbides from the 

network being situated in the close proximity of the crack 
tip. Due to the coarse grain size of the carbide network, 
the opportunity exists only rarely. If the grain size of 

the carbide network were decreased, then the chance for
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psuedointergranular fracture would increase.
Nakazawa(10) showed a much more pronounced effect of 

the grain boundary carbide network on the fracture 
morphology than is noted in this study. In both cases, the 
proeutectoid carbide network formed on a coarse, 130 urn, 
grain structure. One variable which might account for the 
difference between Nakazawa's findings and the results of 
this study is the phosphorus content of the two steels. The 

heat of 52100 used by Nakazawa had 0.010% P while the roll 
steel had only 0.003% P. The small difference in P between 
the two steels might affect the nature of the carbide and 

matrix interface and promote decohesion at the carbides 
which were once part of the proeutectoid carbide network.

5) Summary of Fracture Mechanisms

In all four of the different morphologies found on the 
fracture surfaces of the roll steel specimens, the mechanism 
which starts the process is always the decohesion of the 
interface between a carbide and the matrix. The different 

morphologies are produced because of the size and location 
of the carbide which separates from the matrix first. In 

morphology A, it is the fine, 0.1 to 0.4 urn diameter.
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intragranular carbides which separate from the matrix first. 
For morphology B, it is the larger, 0.5 to 1 urn diameter, 

carbides which are located on the prior austenite grain 
boundaries. In the case of type C, the thin film of 
cementite at the prior austenite grain boundary is first.
For psuedointergranular fracture, the large carbides which 
were formerly part of the carbide network produced in the 
vacuum pretreatment are the first to separate from the 

m a trix.

C) Correlation Between the Measured Fracture Toughness and 

the Fracture Mechanisms

The E399 analysis indicates that the vacuum pretreated 
specimens austenitized at 875 C have the best Kjc. This is 
in general agreement with the results of Cbermeyer's 
w o r k (13). He correlated the maximum in the toughness with 
the transgranular fracture morphology found in the overload 
area (Region III) and with a minimum of undissolved carbide 
particles produced by austenitizing at 850 C, just below the 

A cm of the steel used. He did not report any observation of 
stable crack growth. The maximum Kjc of this investigation 

on the roll steel does correlate with austenitizing just
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below the A Cm (875 C) , but does not correlate with the 
transgranular morphology. Instead, the rough intergranular 
morphology, type B, is observed at the point where the Kjc is 
measured, Region II.

The difference between the correlations of measured 
toughness and fracture morphology can be caused by the 

method in which the overload test is conducted in the E399 
test procedure. It would be useful to look at what happened 

to the VAC 1-875 specimen when it was tested under strain 

control and how it would be different if the test were run 
under load control.

When the overload test was run under strain control, 
the P vs. u curve showed considerable stable crack growth.
The measured Kjc value would correspond to 2% stable crack 
growth, and the fracture morphology in Region II near the 
fatigue precrack, where the Pq  load was measured, was 
roughly intergranular with large carbides on the facets.
The fracture morphology in Region III, the unstable crack 
area, was transgranular, just as Obermeyer found, but this 
fracture morphology was associated with a higher stress 
intensity factor than the Kjc measured in the test.

If the overload test had been run under load control, 
the P vs. u curve would probably not show any stable crack 

growth. A crack could start to grow in a stable manner, but
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would become unstable due to the increasing load applied by 
the system. In this situation, the K Ic that would have been 

measured really corresponds more closely to the stress 
intensity factor required to initiate the crack. The 
instability occurs due to the global conditions around the 
crack tip as Paris, et. a l . (26) have suggested. If the K 
for propagation were considerably higher than the K for 
initiation, the result would be an invalid test because the 

pmax/pQ would be greater than 1.10. This is probably the 
reason that Y aney(12) had invalid test results in the 
specimens which were austenitized above the A cm .

Thus, it appears that by operating the MTS machine 

under strain control during the overload test, a more 
detailed picture of the fracture process can be realized.
Kjc can be broken down into for initiation and Kp for 
propagation. can be determined for those specimens which
showed stable crack by calculating the K which corresponds 

to the first deviation from linearity in the P vs. u curve. 
Kp was already calculated in order to form the J vs. crack 
length plots. Again the form of the calculation is 

essentially the same as that shown in Appendix II. Table V 
shows a comparison between Kjc , , and Kp for those 
specimens which showed considerable stable growth.

The concept of separating K Ic into 2 separate terms, K^
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Table V: Comparison of K j , Kjc , and Kp

Spec imen# Ki Klc Kp

AR-875 18.9 19.5 23.0
AR-900 16.5 17.2 22.6
AR-925 16.0 16.6* 24.5
AR-950 14.5 16.6 25.5+

VAC 1-850 19.1 19.9 24.6
VAC 1-875 19.4 22.0 26.2
VAC 1-900 15.9 18.6 24.7
VAC 1-925 16.7 19. 1 28.4+
VAC 1-950 15.5 17.6* 27.9+

VAC 2-850 18.8 21.5 26.3
VAC 2-875 19. 1 21. 1 24.7
VAC 2-900 17.5 20.0* 26.0
VAC 2-925 16.8 18.2* 26.4 +
VAC 2-950 15.3 18.4 26.3+

* invalid Kjc test
+ maximum value of Kq  not recorded over the range 

of crack lengths measured
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and Kp, allows for an interesting interpretation of the 
fractographic results. Again looking at the results of the 

overload test on the VAC 2-850 specimen tested under strain 
control, the fracture morphology changes from mainly 
morphology B to A when the stress intensity factor reaches 
a critical value required for instability according to the 
analysis by Paris, et. al.(26). Morphology A can be 
considered to have a higher than morphology B. The 
carbides involved with type A are smaller and would require 
a higher stress for decohesion than the carbides involved 
in morphology B. Thus, qualitatively, it makes sense that 
fracture would initiate by morphology B first.

After a crack has started to grow by morphology B, the 

K required for growth increases with crack length. If 
for morphology A is less than Kp for morphology B, the 
fracture morphology can change from B to A at some critical 
value of stress intensity factor. In the discussion of 
morphology A, the mechanism was controlled by the 
decohesion process at the carbide-matrix interfaces. Once 

decohesion occurs, the structure "unzips" and the specimen 
becomes unstable. This implies that K^ and Kp are 
essentially equal for fracture morphology A, and explains 
why morphology A is dominant in the overload area. Region 
III, of the vacuum pretreated specimens.
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Relating these concepts back to the start of section C 
of the discussion, Obermeyer associated the maximum 
toughness with the type A fracture morphology on the 
overload surface (Region III). A similar correlation could 
be concluded from the results of the C-T specimen testing on 
the roll steel if the emphasis of analysis is placed on Kic 
and the overload area (Region III). However, the presence 
of the stable crack growth (Region II) and the idea of 
splitting Kjc into Kj_ and Kp makes fracture morphology B 
appear tougher than type A. Furthermore, from the analysis 
of Hermann and Rice, fracture morphology C appears to be the 

toughest of the three main morphologies observed. A, B, and
C.

D. Application of Results to Roll Steel

Many different aspects of the fracture of the roll 
steel have been discussed, but so far, they have not been 
applied toward the stated purpose of this investigation, 

improving the performance of the work rolls in the cold 
reducing mill. The discussion has pointed out that the 
plane strain fracture toughness as measured by the ASTM E399 

test does not adequately describe the material's defect
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toleranace. The analysis of the results has been expanded 

to include several non-standard techniques. Before final 
conclusions can be drawn from the results and discussion, a 
final discussion of the specific application and failure 
mechanism is in order.

In the introduction, the failure mechanism was 
identified as a spalling fatigue process which typically 
starts from localized overloading, either mechanical or 

thermal. The mechanical loading system in this application 
arises from the percentage of reduction which is given the 
steel as the sheets pass through the rolls. In this way, 
the stress which the surface of the roll experiences is 
limited, it will not continually increase as it would in 
the load carrying member of a structure subjected to a 

predetermined loading rate (the situation imposed on the 
C-T specimen when the MTS machine is run under load 
control)• An example will demonstrate this point.

Assume that some form of microstructural damage has 
taken place and a small crack has formed near the surface 
of a work roll. Through the contact fatigue loading, the 
crack will grow until it reaches a certain point where the 
stress intensity factor at the tip of the crack can be 
described as the K for an internal elliptical crack. For 
this type of loading and geometry, the stress
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intensity(31) is given by

K j = 1 .21ndLo2

Q

where a = the crack width
a = the applied stress
Q = the flaw shape parameter

If the Kj calculated from the equation is less than , 
the crack will not grow. If Kj is greater than Kp, the 
crack will propagate in an unstable manner, spelling occurs 
and the roll must be replaced. The most interesting 
situation arises when, Kj is between K^ and Kp. The crack 
will advance in a stable manner some incremental distance 
and then stop. The presence of a larger crack would 
increase Kj on the next overload, but the applied load would 

not necessarily increase so that the increase in Kj might 
not be very large. The material with a high K^ and Kp is 
desirable, but Kp is definitely more important as far as 
determining the useful life of a roll. A lower value of K± 
could be tolerated if the Kp was high enough.

In view of the loading situation which is present in

the work rolls, the resistance to crack growth provided by
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the specimens austenitized above the A appears to be very 

significant. Increasing the austenitizing temperature of 

the rolls from 850 to 925 C might afford a large 
improvement in the microstructure's capacity to resist 
fracture. This, of course, depends upon the magnitude of 

the stress experienced near the surface of the rolls and 
the frequency and magnitude of overloads which occur.

If the austenitizing temperature were increased by 
75 C, material parameters other than toughness would 
change. The work hardening index will increase and the 

flow stress will decrease(16). This should make a positive 
contribution to the performance of the rolls by reducing
the opportunity for shear bands to form. Another positive

contribution to the performance of the roll steel which
could be gained from higher austenitizing temperatures is
in the hardenability of the steel. The depth of hardening 
would increase or the alloying additions could be reduced 
and the case depth kept the same.

A possible disadvantage of increasing the temperature 
by 75 C would be a change in the residual stress at the 
surface of the roll. Compressive residual stresses are 
important for insuring good performance of the roll in 

operation. The compressive stresses found after 
austenitizing at 850 C and quenching might become tensile 
after austenitizing at 925 C and quenching.
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V. Conclusions

This research program evaluated the fracture toughness 
of a 0 .85C-Cr-Mo-V steel with systematic variations in 
carbide structure. Despite large variations in 

microstructure, relatively small variations in K Ic of the 
hardened steel were measured. However, Kjc did not 
completely describe the material's defect tolerance and 

therefore non-standard analysis techniques were used to 
evaluate the crack growth in the roll steel. Four distinct 
fracture morphologies developed during fracture of the 

compact tension specimens and are designated as follows:

A- fine transgranular, B- roughly intergranular with 
spherical carbides present at the prior austenite grain 
boundaries, C- smooth intergranular without spherical 
carbides at the prior austenite grain boundaries, and D- 
pseudointergranular which follows along the prior austenite 
grain boundaries from the pretreatment. From these 
observations, the following conclusions were drawn:

1. The vacuum pretreated specimens austenitized at 875 C 

possessed the highest K Ic of any of the specimen conditions 
tested. This correlates with fracture morphology B, a 
fine, 10 urn, prior austenite grain size, and a uniform 

distribution of small (<0.5 urn) carbides in the matrix.
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2. The vacuum pretreated specimens austenitized above the 

A Cm possessed the best resistance to crack growth or the 
highest defect tolerance of any of the specimen conditions 
tested. This correlates with fracture morphology C, a 

coarsef 60 urn, prior austenite grain size, and a minimum of 
undissolved carbides in the matrix.

3. The proeutectoid carbide network did not have a 
significant effect on the KIc fracture toughness or 
resistance to crack growth of the roll steel. This fact 

was determined by the small percentage of morphology D 
found on the fracture surfaces of the specimens.

4. A more detailed understanding of the fracture process 

in hardened high carbon steel is possible if the overload 
test is run under strain control rather than load control.

5. The fracture process in hardened high carbon steel 
begins with the decohesion of the interface between carbide 

and martensitic matrix. The size and location of the 
carbides which decohere first determines the fracture 
morphology.
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Appendix I :
Results of X-ray Diffraction :
D spacing measured (Nm) Identified as

23 .86 VC
23 .50 C r 2 3 C 6 (420)
2 1 ,. 51 C r 2 3 C 6 (422)
2 0 ,.67 VC
2 0 ,, 25 Cr 2 3 C 6 (511)
18,.63 Cr 2 3 C 6 (440)
17,.81 C r 2 3 C 6 (531)
17 ,. 53 Cr 2 3^6 (442)
15,.88 C r 2 3 C 6 (622)
14,.65 VC

The data shown above correctly identifies the first 7 
major peaks for C r 2 3C 6 and the first 3 major peaks for VC. 
Three small peaks were recorded which could not be identi
fied.
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Appendix I I :

Fugure 52 shows the P vs. u curve for the VAC 2-850 

specimen. Each location on that curve can be described by 
a mouth opening displacement u and a load P. P^u^ describes 
the first point where the P vs. u record deviates from 
linearity, P 3 u 3 describes the point of maximum load, and 
P 5 u 5 describes the point where the specimen became unstable 
and broke in hal f . The mouth opening displacement, u , was 
converted to a load line displacement, U j ^ , by multiplying 
by 0.75. This is a general assumption that is not exact.
The crack length, a/w, can be calculated for compact tension 
specimens from the equation (32) shown below :

~  = 1.000 - 4.063 XLL + 11.242 XL L 2 - 106.043 XL L 3 
+ 464.335 XL L 4 - 650.677 XL L 5

and :
B = thickness of specimen 
E = modulus of elasticity 

Ul l  = load line displacement 
P = load

where :

XLL 1
1
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D I S P L A C E M E N T ,  u
Figure 52. Load vs. displacement curve for VAC 2-850 
specimen.
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For the VAC 2-850 specimen,

U l l 5 = 3 •90 x 10-3 inches 
P 5 = 370 lbs.

Xlls + 0.101 
and a/w5 = 0.637 

The f (a/w) was calculated from ASTM E399 (19) to be equal 

to 15.94. This yield a stress intensity factor, Ka = 23.9 
Ksi/in or 26.3 M Pa/m. This could be converted to a J value 
by the standard equation for plane strain behavior.

J = -g- (1 - v 2 ) 
assume :

v = 0.3


