
Factors Influencing Fracture 'Toughness of'
High-Carbon Martensitic Steels
V. K. Sharma, Navistar International Transportation Corp.,. Ft. Wayne, IN

G. H .. Walter, J. I. Case, Hinsdale, It
D. H. Breen, ASME-Gear Research Institute, Nape,rviUe, IL

Abstract:

Plane strain fracture toughness of twelve high-carbon steels has
been evaluated to study th influence of alloying elements. carbon
content and retained austenite, The steels were especially designed
to simulate the carburized case microstructure of commonly used
automotive type gear steels, Results show that a small variation in
carbon can infl.uence the Krcsignificantiy. The beneficial eHect of
retained austenite depends both on its amount and distribution, The
alloy effect, particularly nickel, becomes significant only after the
alloy content exceeds a minimum amount, Small amounts of boron
also appear beneficial.

Introduction
The issue of toughness of materials used for machine

elements remains controversial, although much is understood
about the subject. In the past few decades. our quantitative
understanding of the subject has increased significantly.
Concerned by brittle fractures in World War 11liberty ships
and, more recently, by rocket motor case failures, engineers
have developed a comprehensive understanding of the coo-

cepts and test methods of fracture toughness and its measure-
ment. Yet many myths concerning the use of toughness con-
cepts in design persist It is certainly an acceptable principle
that designs must be strong and tough; however, application
of strength and toughness concepts in the real world must
be done through compromise, especially when fatigue is one
of the design criteria.

Increased strength is usually accompanied by decreased
toughness. In designs for which steel strengths below approx-
imately 1700 MPa (40 Rcl are acceptable, material systems
are available which offer appreciable toughness, However,
in carburized applications, such as gears which are case-
hardened to obtain a high-hardness, high-carbon martensitic
case with a relatively low-hardness, low-carbon core.
toughness becomes a specialized area of knowledge, Consider-
able controversy surrounds the problem of defining and
evaluating the toughness required for heavy duty automotive
gears. (1f

The present study was undertaken to. obtain data useful
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Fig. 1 As-rolled microstructure in 0.99% C PS-15 and 5195 steels. Similar
grain boundary carbide network surrounding pearlitic grains was d veloped
in 8697, lH-50 and ERCN-l.

in designing and selecting carburizing steels. The effects of
alloying elements, carbon content and retained austenite on
plane strain fracture toughness properti s of high-carbon
martensitic steels especially designed to simulate carburized
case microstructure of several commonly used automotive
steels were examined.

Procedure
Twelve 60 kg, high-carbon steel ingots were poured from

air induction melted heats made with fine grain practice us-
ing aluminum and silicon. Chemical composition of the steels
investigated is given in Table 1. All steels have a high car-
bon content to simulate the surface of a carburized compo-
nent. The steels were designed to study the effect of alloying
elements, case carbon 'content and retain d austenite. To
study th effect of carbon content on KIC Mn-Cr-Mo PS-15
steel was poured at 0.99%, 0.86% and 0.72% carbon, and
Ni-Mo 4800 steel was produced at a carbon content of 0.99%
and 0.70%. At equivalent carbon levels, SAE PS-15 steel is
a cost-effective replacement steel for Mn-Cr-Ni-Mo 8600 series
steel. Mn-Cr-Mo type steels have been used successfully in
axles and power train components for over 15 years.

Comparison of the fracture toughness of 0.99% CPS-IS
steel (residual nickel) with 8697 (intermediat nickel levels)

Table 1 - Chemical Composition

C MN Cr Ni Mo 51 AI S P- - - - - - - - -
P5-15 0.99 1.09 0.54 0.03 0.16 0.3.2 0.05 0.02 0.02'
P5-15 0.86 1.19 0.54 '0.03 0.16 0.30 0.04 0.02 0.02
PS-15 0.72 1.11 0.51 '0.03 0.17 0.28 0.04 0.02 0.02
8697 0.97 0.83 0.52 0.60 0.22 0.31 0.04 0.02 0.01
IH-50 0.97 1.37 0.05 0.03 0.01 0.68 0.05 0.02 '0.02
4895 0.95 0.73 0.06 3.44 0.26 0.32 0.04 0.02 0.01
4870 '0.70 0.76 0..05 3.50 0.25 0.31 0.04 0.02 0.01
ERCH-l 1.00 1,57 1.25 0.03 0.01 0.70 0.05 0.02 0.02
ER-8 0.95 1.32 0.95 1.57 0..01 0.31 0.03 0.02 0.01
9399 0.99 0.65 1.16 3.22 0.13 0.34 0.04 0.02 0.01
5195 0.95 1.00 0.93 0.00 0.01 0.31 0.04 0.02 0.01
PS1S+B· 1.00 1.11 0.56 0.00 0.16 0.35 0.04 0,03 0.02

~PS15+B had '0.0008% B.
B content of all other steel < 0.0005%

provides information about the influence of low Ni on Krc
of high-carbon steels. IH-SO is a high-manganese, high-silicon
steel. This type of steel is generally not used for carburizing
applications because it has a relatively low case harden ability.
The 4800 series steels, ERCH-1 and ER-.S, were included to
study the ,effect of nickel on fracture toughness. ERCH-l and
ER-8 are nickel-free and reduced nickel replacement steels
(same case and base hardenability) for 4800 steels. The 4800
steel was poured at. carbon contents of 0.95% and 0.70% to
determine the eHect of carbon content on KIC of high-nickel,
high-carbon steels. Other steels include 9300 steel with 0.99%
C (9399), 5100 steel with 0.95% C (5195) and PS-IS with
boron. The 9399 is a 1.16 Cr-3.22 Ni. steel. The 5195 is a Mn-
Cr ste I with ha.rdenability equivalent to high-carbon PS-15
and 8697 steels. Boron additions in Mn-Cr-Mo (PS-IS with
boron) steel were made using commercially available Batts
alloy.

The ingots were furnace-cooled and appropriate sections
from each ingot were wiled into two 15 cm wide, 1 em thick
plates. Proper care was exercised to prevent cracking and
distortion during the processing. Four to six compact tension
specimen with width (W) equal to Iour times thickness (B)
were machined from each grade of steel per ASTM E-399.
The specimens were prepared in the "L-T' crack plane orien-
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tation. Before final machining, 3.75 x 3.75 x 1 em pieces from
the plates were ground to 0.6 em. A minimum of 0.1 em
material was ground from each surface to remove any decar-
burized layer. Although an the data in this report were ob-
tain d using Standard ASTM E-399 compact tension
specimens, tapered double cantilever beam (DCB) and over-
sized compact tension specimens (W -8B) were also used in
the preliminary studies. DCB and oversized CT specimens
resulted in 10-20% higher KIC values. (S~ Table 2.)

Completely machined specimens were austenitized for two
hours at 930 C. cooled to 845 C and vertically submerged
into an oil quench tank at room temperature and tempered
at 190 C for one hour. The surfaces of the specimens were
protected from decarburization with a protective "decarb"
stop coating. Representative heat treated specimens were
checked for residual stresses, distortion and quench cracks.
Quench cracks were not detected, and all specimens were
within the dimensional tolerances permitted by ASTM E-399.
Average residual stresses measured on the surfaces of two
tapered DCB specimens were found to be +1.3 MPa. Con-
sidering the size and geometry of the compact tension
specimen, it is assumed that the KIC values reported herein
are independent of macro residual stresses.

The specimens were fatigue precracked, loaded to fracture
in tension, and fracture 'toughness values were calculated from
the autographic plot of load versus displacement in accor-
dance with standard ASTM procedure. The KIC values
reported herein are averages of at least three replicate tests.

Since the specimens were heavily textured, the amount of
retained austenite could not be determined by routine x-ray
analysis. The volume fraction of retained austenite was
measured by x-ray diffraction using a tilting and rotating
stage.(21 The use of a rotating and tilting stage averages the
x-ray peak intensity for a set of planes from a maximum
number oE possible crystallographic orientations.

Fractographic features on several selected compact tension
specimens were studied using a scanning electron microscope.
In addition. several compact tension specimens were sectioned
and evaluated metallographically.

Results and Discussion
As-Rolled Microstructure.

The cleanliness level of all steels met typical JKT cleanliness
requirements for commercial quality steels, The sulphides
were pancake-shaped, having no abnormal size or distribu-
tion. Although each steel experienced a similar heating, roll-
ingand cooling cycle, as-rolled microstructure of the plates
varied significantly depending on the chemistry. (See Table
3.) lower carbon, 0.72% C and 0.86% C, PS-IS steels
developed a fully pearlitic microstructure. A proeutectoid
grain boundary carbid network formed in 0.99 % C PS-15,
8697, [H-50, ERCH-1 and 5195 steels. Typical as-rolled
microstructures for 0.99% C PS-15 and 5195 steels are shown
in Fig. 1. The as-rolled grain size in 0.99% C PS-15 steel was
significantly coarser (ASTM grain size 1-2 as compared to
4-5) than all other steels showing proeutectoid carbides. The
ER-8 steel had a primarily spheroid microstructure with small
amounts of grain boundary carbides. High carbon 4895 steel,
developed a bainitic microstructure with patches of marten-

Fig. 2-As-rolled microstructures of 4895 and 9399 steels. Photomicrograph
for 4895 steels shows essentiaily bainitic microstructure wi!h patch- of
martensite. The 9399 steel developed proeutectoid carbides in acompletely
martensitic matrix.

site. (See Fig. 2. ) Fig. 2 also shows as-rolled microstructure
for 9399 steel. Because of its high hardenabiliry, 9399 st I
developed a completely rnartensitic matrix with proeutectoid
carbides in the grain boundaries.

As-rolled microstructure can influen e subsequent heat
treated mechanical properties of high-carbon, martensitic
steelsYU41 Nakazawa and Krauss'f" evaluated the effect of
proeutectoid carbides on the fracture toughness of quenched
and tempered 52100 steel. Two series of specimens - one with
grain boundary proeutectoid carbides in pearlitic matrix
(Series A), and the other with well-distributed, fine spherical

Tab'le 2 - Specimen Geometry EHect
(iHigh Carbon IH·50 Steel)

Fracture Toughness MPa.mV2
ASTM Compact

STD CT Tension
W=4B W=8B

Hardness
Rc Tapered DCB

.24.2
23.3
23.3

59.5
60.0
'60.0
59.5

Average

17.6
18.0
17.5
17.9
17.7

21.0
17.9
18.0
21.7
19.6 23.2

Table .3, - As-'Rolled Microstructures

Steel
PS-1S
(.72% C, .86% C)
PS-1S (0.990;0 C)

Microstructure

Fully Pearlitic
Pearlilic With GB Carbides
ASTM 1-2 GS
Pearlitic With GB Carbides
ASTM 4-5 GS
Spheroidized With Small
Amounts of GB Carbides
Bainitic With Patches Of
Martensite
Martensitic With Proeutectoid
Carbides

8697, IH-SO.
ERCH·" 5195

ER-8

4895

9399
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Fig. 3-lnfluence of starling microstructure on KIC of 52100 steel. Series
A had proeutectoid carbides. Series B contained only fine carbides .• '

carbides in a spheroidized matrix (Series B) -were produc-
ed. and their fracture toughness was determined as a func-
tion of the austenitizing temperature, The results are
reproduced in Fig. 3. When austenitized below 950°(,
martensitic specimens with proeutectoid carbides in the start-
ing microstructure (Series A) are significantly tougher than
Series B. which contained only fine spherical carbides. Above
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Fig. 4 - M icrost rucrure of high carbon IH-50 steel. The m icrosrruct U Fe shows
a uniform, lightly tempered, high-carbon martensite and retained austenite
with no carbides or microcracks.

950 C. where all carbides dissolve to form a homogenous
austenite, both series have about the same toughness,
Nakazawa and Krauss explained the increased toughness of
Series A on the basis of higher toughness of carbide-free.
transgranular areas present between the proeutectoid car-
bid s. Below 950 C. specimens containing only fine spheroid
particl s have low toughness because of th very fine
microvoid coalescence (small ligaments of tough carbide-free
areas) associated with the closely spaced carbides. In the pre-
sent studies, all specimens were ausrenirized at 930 C where
essentially all proeutectoid carbides were dissolved.
Therefore, variations in as-rolled microstructure are expected
to have little or no influence on the KIC values.

Heat Treated Microstructure.

Typical microstructures for various steels after the heat treat-
ment (austenitized at 930 C for two hours, quenched in oil
from 845 C and tempered at 190 C for one hour) are shown
in Figs. 4-7. As shown in Fig. 4. IH-50 developed a uniform
microstructure containing lightly tempered, high-carbon
martensite and retained austenite with no carbides or
microcracks. This is the typ of surface microstructure which
is most desirable in carburized parts. However, as indicated
previously, IH-50 (high-manganese, high-silicon) is not a
suitable steel. for most automotive gearing and shaft applica-
tions because it does not have sulfident case hardenabiltty.

With the exception of rH-SO steel, all other steels exhibited
non-uniform, banded microstructures. The severity of car-
bon and alloy segregation varied depending upon the type

Table 4- Undissolved Carbides
alA 720 MeasllIrements,

Steel
PS-15 (.99% C)
8697
EACH-1
EA-S
9399
5195
PS-15+B

% Carbides
1..0%
1.0°/0
9.0%
1.5%
8.5%
1.0%
1.0%

.72% C PS-15, .860/0 C PS-15, 4870 and 4895 contained
no undissolved carbides.
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Fig. 5 - Microstru lure ot 0.72 % C PS-] 5 steel. The wI-ill Iching 'bands are
higher carbon areas which are relatively soft and contain higher amounts
of retained austenite. No carbides or microcracks are visible.

and amount of alloying elements. PS-1S steels with 0.72%
and 0.86% carbon, when examined at lOOX, showed
numerous white etching bands (Fig. 5), The white etching
bands were relatively soft (HRC 62 vs 65) and contained a
higher volume fraction of retained austenite as compared to
the surrounding matrix. Carbides or microcracks were not
observed in the 0.72 % CPS-IS steel. The 0.86 % CPS-IS
steel also did not have carbides, but occasionally microcracks
were observed. Microstructures of high-nickel 4870 and 4895
steels were similar to the 0.72 % PS-1S steel. High-nickel steels
also showed non-uniform microstructure with no carbides
or microcracks. The frequency of white etching bands,
however, was low. The rnartensitic plate size in the nickel
steels was somewhat coarser.

The 8697 and 0.99% C PS-15 steels had similar microstruc-
tures. In addition to microcracks, the white etching bands
contained numerous undissolved carbides. A typical micro-
structure for heat treated 8697 is shown in Fig. 6, The worst
situation with respect to carbides and banding was observed
in ERCH-1, a nickel-free substitute steel for the 4800 grade
of steel (Fig. 7). The microstructure of 9399 steel was very
similar to ERCH-l.

The amount of undissolved carbides was determined us-
ing a quantitative image analyzing system. As illustrated in
Table 4, 0.99% C PS-15, 8697, 5195 and PS-15+B steels
have less than 1 % carbides. ER-B, a substitute steel For 4800
steel with reduced nickel content, had 1.5% undissolved car-
bides. The highest amount of carbides, 8.5 and 9%, were pre-
sent in 9399 and ERCH-1 steel, respectively.

The influence of carbides on K[C was investigated by deter-
mining the fracture toughness of ERCH-l steel after austenitiz-
ing it at 930 C for two, four and seven hours. Samples of
carbide free 0.86% C PS-15 steel were also included in the

Table 5 - EHect of AlistelliUzll1Q Time at 9'30"C

K1c MPa.mV2

4 Hours
23,8

2 Hours
22'.4

Steel
PS-1S (.87% C)

ERCH-l

7 Hours
21.8

20.7 .21,1 20.0

2GJJ
!--1

8697
I

Fig.6 Microstructure at 8007 steel. PS-lS WIth 0.0<),"" also showed a
similar microstructure. In addition to the microcracks. the white etching bands
contained undissolved carbides,

study for comparison. Increasing the austenitization time
from two to seven hours did not change fracture toughness
of either steel significantly (Table 5). The influence of massive
carbides on fracture toughness of austenitic and martensitic
white cast iron has been studied by Gahr and Scholz.(SI On
the basis of the results shown in Fig. 8 from that study, the
authors concluded that increasing the volume of carbides
from 7% to 30% had no significant influence on K[C Only
when the volume of carbide increases beyond 30%, did the
fracture toughness start decreasing. The matrix of mart n-

sitic white cast iron is essentially the same as the high car-
bon steel. None of the steels included in the present investiga-
tion contained more than 9% undissolved carbides. In fact.
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Fig. 7 - Microstructure of ERCH·l steel. ERCH·l steel showed maximum
banding with great t amount of undissoved carbides.

as given in Table 4, the majority of steels have less than 2 %
undissolved carbides. It is, therefore, reasonable to assume
that the fracture toughness values reported herein have not
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Fig. 8 - Influence of carbides all fracture roughness of martenstric and
austenitic white cast irons."

been influenced by the presence of carbides, Since more than
90 % of the fracture propagates through a martensite-austeni-
tic matrix, fracture toughness values should be dominated
by the matrix properties rather than the carbides,

Influence of Retained Austenite.
The presence of retained austenite, particularly as a con-
tinuous thin. film surrounding martensitic plates rather than
as a discreet blocky phase, is considered to. enhance fracture
toughness of martensitic steels. Thomas(6J has emphasized
the importance of mechanical and thermal stability of retained
austenite. Retained austenite has been proposed to improve
crack propagation resistance and, thereby, increase fracture
toughness by crack branching or blunting, m by strain or
stress induced transformation resulting in the development
of compressive stresses in front of the advancing cracK,i81by
preventing the formation of brittle boundary carbides, and
by breaking the continuity of the cleavage planes across
various rnartensitic plates.(9J

The influence of retained austenite on fracture toughness
of high carbon steels was studied by varying the amount of
retained austenite in 4895 steel by deep freezing at -84cC
and -207"C. The results in Table 6 show that a decrease in
thea ustenite from 40 % to 18.5%, caused by deep freezing,
quenched and tempered 4895 steel at -84 C, decreased frac-
tUI1etoughness from 24.5 MPa.m" to. 14.6 MPa.m"_ Fur-
ther deep freezing at -207 C reduced retained austenite to
15.5% causing an additional decrease in the toughness to U.5
MPa.m I,. The amount of retained austenite, therefore, has
a significant effect on the KIC of high-carbon, martensitic
steels. The microstructure of 4895 steel after the subzero
treatments is shown in Fig. 9. Deep freezing transforms re-
tained austenite to martensite. A careful examination of the
microstructure revealed that additional microcracks were
generated as a result of the transformation. A 50% decrease
in the KIC value, however, cannot be explained on the basis
of a.n increase in the density of microcracks. This decrease
is primarily related to the reduction of retained. austenite. Sui-



Fig. 9- Microstructure of 4895 steel austenitized at 930° C. quenched in oil,
tempered at 190° C for 1 hour and deep frozen at -84" C and -207° C
for two hours.

ficient data were not generated to determine the minimum
level of retained austenite necessery to increase toughness
significantly. The beneficial effect of retained austenite
depends on its nature and distribution. Retained austenite is
most effective when present as continuous films surrounding
martensite rather than a discontinuous blocky phase.(Q) Heat
treatment and alloying elements could be selected to max-
imize the influence of retained austenite at lowest levels
necessary so that the toughness can be improved without
detrimentally affecting the hardness and other related
properties.

Effect of Carbon Content.,

Increased strengthening caused by carbide precipitation or
interstitial solid solution strengthening by carbon is usually
accompanied by decreased toughness. In designs for which
steel strength below 1700 MPa (4:0 HRC) are acceptable,
material systems are available offering appreciable toughness.
In high-hardness, carburized applications, (2000 MPa (57
HRC) and above) such as gears, toughness becomes a
specialized area of knowledge. Earlier work in this area was
done by Schwartzbart and Sheehan.(1O) Results of some of
their work, replotted, are shown in Fig. 10. This work was
done with Charpy V-notch specimens. The same hardness
at different carbon levels was obtained by tempering.

In the present investigation, the effect of carbon on KIC
of high-carbon, martensitic steel was st udied by test ing PS-lS
steel at 0.99%,0.86% and 0.72% carbon. Also, the fracture
toughness of 4800 steel was determined at 0 ..95% and 0.70%
carbon. The results are shown in Table 7. Lowering carbon
enhances fracture toughness. The effect of carbon, however,

Table 6 - Effect of Retained Austeni,te
4895 St,eel

RA
40.0%
18.5%
15.5%

KICMPa.mV2
24.5
14.6
12.5

IHeat Treatment
190°C Temper
Deep Frozen ·84°C
Deep Frozen ·207°C

Rc
55.5
64.0
65.0

~30HRC

...
o...
i 10

o 0.10.2 0.30 •.40.50.6 0.70.80.9 1.0
% Cllt'bon

Fig. 10 -lsohardness ~J~tion of carbon and toughness. Toughness determined
by Charpy V-notch.

must be considered in conjunction with retained austenite.
In general, the amount of retained austenite decreases with
decreasing carbon. In the case of PS-lS steels, a change in
the 'carbon from 0.99% to 0.86% decreased retained
austenite from 39% to 23% ..Discounting other effects, this
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Fig. n- Microstrudure of 4870 and 4895 steels.
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Fig. 12-Comparuon of bending and con lac! fatigue life durability of car-
buriaed Mn-Cr steel lYi!h CJ o. GSD. and C90 (50lid and doned Jines) bands
for carburized 8622 steel.

reduction should have lowered the toughness. However, the
toughness increased, indicating the importance of carbon.
KIC decreased slightly when the carbon content was reduc-
ed from 0.86% to 0.72% C. Improved toughness resulting
from lowering the carbon in this case is more than offset by
a decrease in the toughness caused by a change in the retain-
ed austenite from 23% to 16%.

The eHect of carbon on fracture toughness of high-carbon
steels becomes more evident in the case of high-nickel 4800
series steels. A decrease in the carbon from 0.95% to 0.70%
increased K1C from 24,5 MPa.mljz to 34.5 MPa.m1fz. Nickel
promotes the stablization of retained austenite. Therefore,
even at 0.70% C. 4870 steel containing 3.50% nickel retained
21 % austenite. The highest fracture toughness was recorded

Tab'le 7 - IEff,ect of Carbon Content on KIC

'RA
39%
23%
16'lfo
400/0
210/0

K1CMPa.m1/2
16.6
2204
21.7
24.S
34.5

Steel
PS-1S
PS·1S
PS-1S
4895
4870

%e
0,99
0,86
0.72
0.95
0.70

Rc
60.0
60.5
60.5
55.5
57.0
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for this steel, Notice that the fracture toughness improved
in spite of an increase in the hardness by nearly 2 Rc.

Lower carbon martensites are Inherently more ductile. It
is well known that the morphology of martensite changes
from dislocated laths to twinned plates with increasing solute
content. Carbon has the strongest effect in promoting twin-
ning. Alloy composition and martensitic transformation
temperature influence the transition of martensite from lath
to plate martensite. The dislocated laths are composed of
bundles of slightly misoriented grains having high density or
tangled dislocations. The fine structure of plate martensite
consists of fine transformation twins.Ill' Lower carbon
dislocated lath martensites are relatively less brittle, because
under stress, dislocations can move, resulting in deformation
by slip. Higher-carbon martensite, which consists primarily
of plate martensite with internal twins, is britt.le. Twinned
rnartensites have extremely low fracture toughness. A reduc-
tion in the percentage of twinned martensite, resulting from
lowering carbon content, can be expected to improve K1C
significantly. It has been shown that plane strain fracture
toughness of AISI 4130 (medium-carbon Iow-hardenabllity
steel) can be improved two-fold by a high temperature and
step-cooling austemtizing treatment, which virtually
eliminates twinned martensit plates.112l

The microstructures of 4895 and 4870 steels are shown in
Fig. 11. Photomicrographs show a difference in the marten-
sitic plate size and the amount of retained. austenite. The 4870
has finer plate size and less retained austenite. It is also likely
that the 4870 steel contains lower amounts of plate marten-
site, although the structure for both steels is mostly plate type.

Alloy Effects .
Our past experience indicates that in automotive gear steels.
small amounts of nickel and molybdenum can be replaced
with other alloying elements. A basic assumption in the
development of cost-effective carburizing steel is that
engineering performance of a component made from low
alloy steel is dictated by the base and case carbon content,
microstructure and residual stresses. As long as the steel
selected meets these requirements, equivalent engineering per-
formance can be expected. The microstructure and r sidual
stresses are governed by the carbon content, hardcnability
and martensite start and finish transformation temperatures.
The major reason for alloying these steels is to influence
hardenability and transformation temperatures. Sufficient
hard nability, coupled with adequate and uniform quenching,
provides microstructure optimization and control. The
dependence of performance/strength on microstructure is
basic.

Considerable laboratory test and field history data exist
to support these basic assumptions. SAE PS-16 (Mn-Cr-Mo)
steel, which is a nickel-free, co t-effective replacement steel
for standard AJS[ 8622 (Mn-Cr-Mo~Nj) steel. has been used
successfully in the production of heavy duty truck rear axle
ring gears and in tractor and combine power trains for ov r
15 years. SAE PS-59, a cost-effective, Mn-Cr replacement
steel, has also been used to substitute for PS-16 and 8622 steel
for the last five years. Fig. 12 shows torque-life gear data from
PS-59 steel at two carbon levels. superimposed on th GIO,
Coo and G90 bands for 8600 type steel. The bending and con-



tact fatigue durability data were obtained by testing carburiz-
ed and hardened six-pitch test pinions in a power circulating
rig. The results show that the Mn-Cr steel and Mn-Cr-Mo-
Ni (8622) steel have equivalent fatigue properties,

The data in Fig. 12 indicates that in low alloy gearing steels,
small amounts of nickel and molybdenum can be replaced
with other more cost-effective alloying elements. Nonetheless.
the effect of alloying elements on the performance of gears
is quite controversial, Using a modified Brugger test,
Diesburg(l3) studi d the influence of carbon, alloy and
residual stress on .fracture stress and very Jow cycle fatigue
life, Carbon and residual stress were shown to be very im-
portant. Alloy content was also found to be important. but
the amount of alloy appeared more important than the
specific alloy, DePaul,!I41 SheaCl51 and Love and Camp-
bell, (10) among others, provide a technology base concern-
i:ng the nect of major alloys on properties of carburized steel.
Most of this relatively small amount of work on alloy ef-
fects has been related only to gear tooth bending fatigue
strength, not gear tooth flank durability (pitting fatigue).
Kraussl17lconduded, based on roller specimens, thai. the
alloying dements alone had no effect on flank durability.
Allsopp, Weare and love (181 also were not able to d teet an
alloy influence in test. using gears. None of the above pro-
grams ..however, were designed specifically to systematically
study alloy effects.

Effect of Nickel at intermediate Levels.
Fracture toughness K1C for 0.99% CPS-IS ste I, Mn-Cr-

Ni-Mo steel 8697 and 5195 steels are given in Table 8. At
equivalent carbon 1 vels, K]C for PS-15 and 8600 series steels
all exactly the same; i.e .. 16.6 MPa,m". The 8695 steel has
a slightly lower retained austenite. However, the amount of
austenite is sufficient to provide its maximum contribution
to toughness. Fracture toughness of 5195 Cr-Mn steel is
superior to both the high carbon PS-1S and 8699 steel. This
impr ved toughness is thought to be related to a lower matrix
carbon concentration in 5195 steel caused by the formation
ot chromium carbides. The data in Table 8 show that small

Table 8 - IFrac.ure Toughness of
High 'CaribOIl PS·15,860Ql and 5100 :Steels

-----

Steel C Mn Cr Ni Mo HRC %RA K,cMPa.m1/2- - - -
pg·15 0.99 1.09 0.54 0.03 0.16 60 39 16.6
8697 0.97 0.83 0.52 0.60 0.22 60 33 16.6
5195 0.95 1.00 0.93 0.03 0.01 !60 34 20.8

amounts of nickel, molybdenum and oth r alloying elem nts
do not influence th fracture 'toughness of high carb n st I
significantly.

Effect of Nickel at Higher I.e·ve/s.
Table 9 shows the cHct of nickel on fracture toughn s

of high-carbon rnartensitic steels. A comparison of K1C for
4895, ER-8and ERCH-1 reveals that fr cture toughn ss in-
creases w.ith increasing nickel content. ER-8 andER, B-1 are
reduced nickel and nickel-free replacement steels for 4800
steel. K1C of ER-8, in which half of the nickel in 4800 st el
is replaced with other alloying elements. has approximately
10% lower fracture toughness as compared to the 4895· steel.
ERCH-l, which contains no nickel, has the lowest toughnes .
The effect of nickel can also be seen by comparing tn K]C
of 0.72% C PS-15 steel with 4870 and 9399 teel with 5195.
Although some of the improvement in toughness may be
plained on the basis of higher amounts of retained austenite
and lower hardness of 4870 and 5195 steels, a nominal 3.5%
nickel in these steels seems to promote improved toughness.

Effect of Boron.
Limited data obtained on testing a steel containing boron

reveals that small additions of boron can enhance fracture
toughness of high-carbon martensitic steels significantly. (See
Table 10.) The addition of 0.0008% boron to 0.99% CPS-IS
steel improved fracture toughness from 16.6 MPa.m" to
21.2 MPa.m I,. Boron is known to be a potent contribut r
to hardenability in the low and medium carbon range. but
has very little influence on the hardenability of high-carbon
steels. This non-hardenability related improvement in 'fhe
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Fig. 13- Photomicrographs showing fracture modes in fatigue precrack and
single overload regions of 8697 steel. (A) Fatigue precrack area. (8) and (C)
fatigue crack/single overload interface, and (0) transgranular area in single
overload.

fig. 14 - Photomicrographs showing fracture modes, fatigue precrack and
single overload regions of 4895 steel. (A) and (C) fatigue preerack/single
overload interface, (B) transgranular area in fatigue precrack area, and (0)
transgranular area in the overload region.

Tab~le9 - EHect of Nickel Content On K:lc

Steel %C %Ni Ac AA KlcMPa.m'h-- - -
4895 .95 3.44 55.5 40% 24.5
ER·B .95 1.57 60.5 47% 22.4
ERCH-1 1.00 0.08 58.5 42% 20.7
PS-15 .72. 0.03 60.5 16% 21.7
4870 .78 3.50 57.0 21% 34.5
9399 .99 3.22 53.0 49% 27.1
5195 .95 0.08 60.0 34% 20.8

Table 10 - EHect of Boron On KIC

Sleell %C Rc RA K1c'MPa.m'h-- - -
PS-15 0.99 60 390Al 16.6
PS-15+B· 1.00 60 31% 21.2

•Added as Fe-AI-B (BATTS #2) Alloy.
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Table 11 - ICritical Crack Size and
Load Carryingl Capability of Various Steels

ac (MPa)(1)

1690
9\30
900
690
840
1015
1410
860
930
1125
870
885

R(2)

1.00
1.35
1.30
1.00
1.22
1.47
2.04
1.25
1.35
1.63
1.26
1.28

K1dMPa. m112)
16.6
22.4
21.7
16.6
20.3
24.5
34.5
20.7
22.4
.27.1
20.8
21 ..2

Ac(mm)
0.363
0.660
0.615
0.363
0.54\3
0.787
1.520
0.566
0.660
0.965
0.571
0.589

STEEL (%C)
PS-15 (.99)
PS-15 (.86)
PS-1S (.72)
8697 (.97)
IH-50 (.97)
4895 (.95)
4870 (.70)
ERCH-1 (1.00)
ER-8 (.95)
9399 (.99)
5195 (.95)
PS-15 + B (1 .00)

(1) Critical applied stress for a. crack size of 0.363 mm.
(2) R = uc/u for PS-15.

fracture toughness of high-carbon boron steel may depend
on how boron additions are made. Unlike the domestic prac-
tice of alloying with "protected" boron by simultaneously
adding titanium, zirconium and aluminum, the Gennan prac-
tice is to alloy with ferroboron. The German practice is an
inefficient way to use boron for hardenabilityenhancement,
but the practice is said to improve the distortion, toughness
and low and high cycle fatigue characteristics of carburized
steel.(19)According to the German practice, when added as
a ferroboron, boron acts as a nitrogen fixer during both the
steel making proce s and subsequent carburizing treatment.
After combining with nitrogen during the steel making pro-
cess, enough boron remains in the soluble form to combine
with nitrogen picked up in carburizing and, thus. high car-
bon martensite-austenite surface is low in solubl nitrogen
and has enhanced properties.f201 Additional research is re-
quired to fully assess non-hardenability related beneficial ef-
fects of boron-containing carburized steels.

Significance of Fracture Toughness in Design.

Small diff rences in the KlC resulting from carbon con-
tent, retained austenite or alloy effects can have a significant
influence on the critical size (Ac) and load carrying capability
((1) of hi.gh-carbon steels. The data in Table II were
carculated using basic fracture mechanics concepts involving
relationships between stress intensity factor. applied stress and
crack length. The critical size (Ac) was calculated for an ellip-
tical surface crack with a.geometry A/2c of 0'.5, assuming
applied stress of 690 MPa and applied stress-to-yield strength
ratio of 0'.33. The results show that a change in the KIeoE
high-carbon steel from 16.6 to 22.4 MPa.mVz nearly doubles
the size of the crack that the material can sustain before an
unstable crack growth occurs. Similarly, for a given crack
size, the load carrying ability of the steel improves by 35%.

Fractography.

The fatigue precrack and single overload regions of several
samples were examined using SEM. Typical fractographsare
shown in Figs. 13-15, Stable fatigue crack growth in the
precrack area was characterized by both transgranularand
intergranular fracture modes. In all samples, fracture
topography at low stress-intensity range was smooth and
primarily transgranular, As the stress-intensity range in-
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Fig. IS - Fractographs showing diff rences in the 'topography 01 transgranular
fractures in the single overload and fatigue precr ck regions.

creased, the fracture surface generally became coarser, and
the percentage of transgranular areas decreased, while the
amount of intergranular fracture mode increased ..Further ex-
amination of the transgranular area at higher magnification
revealed topography typically associated with crack propaga-
tion in high-hardness steels. The fracture surfaces were flat
and mottled, but occasionally fatigue striation could be
resolved.

The single overload region was primarily intergranular with
some tra:nsgranular areas present. These transgranular areas
were distinctively different from the topography observed in
the transgranular Iatigue precrack areas. (See Fig. 15.) These
transgranular areas were characterized by cleavage and flat
dimples.

Conclusion
The results show that a complex interdependency existing

between the carbon content, retained austenite and various
alloying elements makes interpretation of the data difficult.
Experimental steels must be designed carefully to isolate the
effect of each of thes variables.

A small variation in the carbon can influence the fracture
toughness of high-ca.rbon steels significantly. Lowering car-
bon increases toughness. The effect of carbon, however, must
be considered in conjunction with retained austenite, which
increases with the increasing carbon content. Higher retain-
ed austenite is usually beneficial, but the beneficial effect is
dependent on its nature and distribution.

The alloy effect becomes significant only after the alloy
exceeds a minimum amount. Results show that small amounts
of nickel (-0.5%), molybdenum (-0.2%) and other alloy-
ing elements do not have significant eHect on the plane strain
fracture toughness properties of high-carbon steels. Higher
nickel promotes toughness. K1C of high-carbon steels con-
taining a nominal 1.5% and 3.5% nickel improved signi-
ficantly. Small amounts (0.0008%) of boron also appear
beneficial. This non-hardenability related improvement may
depend on how boron additions are made.
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