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Introduction
The fatigue performance of three sets of 
quench and tempered 4140 steel sam-
ples, representing three distinctly differ-
ent inclusion populations — low oxygen/
low sulfur, high oxygen/low sulfur and 
low oxygen/high sulfur — were evalu-
ated through a series of various bend-
ing fatigue tests. Three different bending 
fatigue tests with differing stress ratios 
were employed, including: rotating bend-
ing (−1); single-tooth bending (0.1); and 
modified Brugger (0.1). The inclusion 
populations for each of the three steel 
sample sets were characterized using 
both a SEM-based image analysis sys-
tem, primarily for the micro-inclusions, 
and a high-resolution UT system for the 
macro inclusions. All three sample sets 
were evaluated using both longitudinal 
and transverse specimens in all the bend-
ing fatigue tests. The transverse samples 
displayed significantly lower fatigue per-
formance (typically ~50% lower fatigue 
strength values) than the longitudinal 
samples. Furthermore, the high-sulfur 
sample set clearly had the lowest per-
formance in the transverse orientation. 
While there was more scatter with the 
data on the longitudinal samples, the 
high-oxygen sample set had a lower 
fatigue strength and a higher percent-
age of the failures initiating at subsurface 
oxides than the other two sample sets.

In general terms, non-metallic inclu-
sions can have a measureable impact 
on many steel properties. Perhaps 
most significant is the effect on fatigue 

properties. Previous studies, compiled 
and reviewed by Murakami (Ref. 1), 
have demonstrated that a linear correla-
tion exists between bending and axial 
fatigue strength and the ultimate ten-
sile strength (UTS) in low- and medium-
strength steels. However, in high-strength 
steels (Hv > 400) (Note: a strong corre-
lation exists between UTS and hardness 
in these steels. Accordingly, Vickers hard-
ness is often used as a proxy for UTS in 
many fatigue studies.) the linear correla-
tion fails, and there is significant scatter 
in the measured fatigue strength (Refs. 
1-4). This deviation from linearity often 
has been attributed to the presence of 
non-metallic inclusions. In many cases, 
the fatigue origin, often clearly identifi-
able by a “fish-eye” pattern, is observed 
to be subsurface with a non-metallic 
inclusion located at the center (Fig. 1). 
The effect of individual inclusions on the 
fatigue performance, and in particular 
the fatigue strength, of a given steel will 

be a function of the inclusion type, size, 
morphology, and location/orientation 
with respect to the principle stresses from 
the applied cyclical load. The properties 
of the inclusion/matrix interface also can 
play a significant role.

The effect of non-metallic inclusions, 
especially oxides, on fatigue performance 
in bearings, gears, and other high-cyclic 
load applications has long been a subject 
of study. Our understanding of the rela-
tionship between inclusion content and 
fatigue performance has been enhanced 
with the continued improvement of tools 
and methods employed in steel cleanness 
measurement.

In the current study, single-gear tooth 
bending (STB), Brugger beam-type bend-
ing and rotating bending fatigue (RBF) 
tests were conducted on three sets of 
quenched and tempered 4140 steel sam-
ples, representing three distinctly dif-
ferent inclusion populations — low oxy-
gen/low sulfur, high oxygen/low sulfur, 
and low oxygen/high sulfur. The inclu-
sion populations for the three sample 
sets were characterized using both an 
advanced SEM-based image analysis sys-
tem, primarily for the micro- inclusions, 
and a high-resolution UT system for the 
macro-inclusions.

Experimental
 Materials. Three sets of 4140 steel sam-
ples of varying sulfur and total oxygen 
contents were employed in this study. 
Group A was low oxygen/low sulfur; 
Group B was high oxygen/low sulfur; and 
Group C was low oxygen/high sulfur. The 
compositions of each group are provided 
in Table 1.

The inclusion population of each 
sample group was fully character-
ized by SEM-based image analysis and 

Figure 1  SEM image of subsurface fatigue 
initiation site showing common 
fish-eye pattern with globular oxide 
inclusion at the center.
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high-resolution ultrasonic testing. The 
key metrics for the oxide inclusion pop-
ulations were total oxide area; area of 
large oxides; oxide stringer length; and 
area (all normalized by sample inspected 
area). Key metrics for sulfide inclusions 
included total sulfide area and area of 
large sulfides. Statistics of extreme val-
ues (SEV) analysis was also performed 
to provide additional information about 
the inclusion populations. To 
provide a description of the 
oxide and sulfide populations 
of the three sample groups in 
terms of an industry standard, 
the data from the SEM image 
analysis was configured to gen-
erate DIN 50602 values (K0 – 
K4). The measured values for 
inclusion population metrics 
are provided in Tables 2A and 
2B. The respective DIN 50602 
oxide (OG + OA) and sulfide (SS) plots 
are shown (Figs. 2A and 2B).

The inclusion evaluation showed that 
the relationship between total oxide 
area and oxygen content of the steel was 
approximately linear. Group B had about 
twice the total oxygen content, as well as 
about twice the total oxide area, as com-
pared to Groups A and C. However, the 
concentration of large oxide inclusions 
(√Area > 10 or > 20 µm) was significantly 
higher in Group B, and was not propor-
tional to oxygen content. For example, 
the concentration of oxides greater than 
10 µm was about nine times higher in 
Group B, compared to Group C (Table 
2A). This lack of proportionality was also 
illustrated by the DIN 50602 K0 – K4 
cleanness (OA + OG) results (Fig. 2A). 
Furthermore, although Groups A and C 
had the same oxygen content (7 ppm), 
Group A had a higher concentration of 
large oxide inclusions and higher DIN 
50602 K0–K4 cleanness (OA + OG) 
results. These results indicate that the 
concentration of large oxides does not 
necessarily depend on the oxygen con-
tent. Therefore, the oxygen content does 
not fully predict the nature of the oxide 
inclusion population.

In regard to sulfide inclusions, the total 
sulfide area, as well as the area of large 
sulfide inclusions, was linearly related 
to the sulfur content of the steel. Group 
C had a sulfur content that was three 
times higher than Groups A and B, and 

Table 1  Compositions of the 4140 steel sample groups used in the study
Sample
Group C Mn P 5 Si Cr Ni Mo Cu Al Ca* O* Tot N*

A
Low 0
Low S

0.41 0.97 0.013 0.007 0.29 0.90 0.14 0.15 0.22 0.024 3 7 97

B
High 0
Low S

0.41 0.96 0.014 0.008 0.29 0.90 0.14 0.15 0.22 0.022 4 15 97

C
Low 0
High S

0.41 0.94 0.014 0.024 0.19 0.88 0.11 0.18 0.22 0.027 1 7 119

 *Calcium, total oxygen, and nitrogen concentrations given in ppm.

Table 2A  Measured oxide inclusion microcleanness and macrocleanness metrics for the three sample 
groups. Values in red are maximums.

Sample Group
Oxygen 
Content 
(ppm)

Total Oxide 
Area

Conc.
√A > 10 μm
√A > 20 μm

Oxide Stringer 
Length

L > 100 μm
L > 200 μm

SEV Oxide
√Area (μm)

Stringer
Length (μm)

UT Metric
(Oxides)

DIN 50602
(Oxide)
OG+OA
K1/K4

A 7 29.07 2.17
0.07

1.19
0.36

26.06
285 0.469 0.82/0.29

B 15 56.98 7.45
0.46

20.82
8.36

52.79
801 1.798 3.92/1.21

C 7 20.14 0.81
0.07

2.10
0.46

20.41
416 0.678 0.28/0.0

Table 2B  Measured sulfide micro-cleanness metrics for the three sample groups; 
values in red are maximums.

Sample Group Sulfur Content
(wt. %)

Sulfide Area
Total

L > 100 μm

DIN 50602
(Sulfide)

SS
K1/K4

A 0.007 208.2
45.6 5.09/0.0

B 0.008 199.4
50.2 5.51/0.0

C 0.024 565.1
111.5 13.56/0.0

Figure 2A  DIN 50602 K0 — K4 cleanness (OA+OG) results for the three sample groups.
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all sulfide inclusion metrics were also 
approximately three times higher (Table 
2B and Fig. 2B). It is important to note 
that the sulfide count and area metrics 
were significantly greater than the oxide 
count and area metrics in all sample 
groups. Even the high-oxygen/low-
sulfur samples (Group B) showed that 
the concentration of the large sulfides 
(>100 µm2) was more than four times 
greater than the concentration of the 
large oxides (>100 µm2).

Fatigue Testing
Single tooth-bending fatigue. 4.2 modu-
lus spur gears were manufactured from 
each steel condition (A, B, and C) and 
oriented such that both longitudinal and 
transverse orientations — with respect 
to inclusion orientation — were bend-
ing fatigue tested at the gear teeth root 
locations (Fig. 3). The gear steel blanks 
were through-hardened as follows: 
austenitized at 885 °C (1,625 °F) for 30 
minutes at temperature, oil-quenched 
and tempered at 177 °C (350 °F) for one 
hour to an average hardness of 55 HRc 
(~595 Hv). Following heat treat, the 
gears were finish machined, followed by 
controlled, dual shot peening to maxi-
mize the near-surface compressive stress 
state in the tooth root area.

The 4140 spur gears were tested on a 
single tooth bending testing rig (Fig. 4) 
at one of five pre-selected loads with a 
load ratio of R = 0.1, until root bend-
ing fatigue failure occurred, or a run-
out condition was met (107 cycles). 
Tests were repeated three times at 
each load for all steel conditions and 
orientations, and an average value for 
each test sequence was calculated to 
compare to one another. The genera-
tion of an endurance limit — or fatigue 
strength — based on various runout 
conditions was not a goal of this testing 
mode, as compared to the other two test 
types, and will not be compared to those 
tests in that method. The fractured gear 
teeth were examined under an FE-SEM 
to locate the initiation site(s), and in the 
case of inclusion origin failures, the type 
of the inclusion was documented.

Brugger bending fatigue. Modified 
Brugger bending fatigue specimens 
(Fig. 5) are designed to simulate a gear 
tooth root bending condition. The fail-
ures occur nearly perpendicular to the 

Figure 2B  DIN 50602 K0 — K4 sulfide cleanness (SS) results for the three sample groups.

Figure 3  Orientation of spur gears machined from as-rolled bar stock (A), and the inclusion 
orientations (B), in the longitudinal test position (lower photo) and transverse position 
upper photo).

Figure 4  Machined spur gear with numbered teeth for testing showing the loading angle 
(A), and the testing fixture showing the loading gear tooth in the cyclic R = 0.1 
loading condition (B).
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length of the specimen (Fig. 6B) and, as 
such, longitudinal and transverse blanks 
were cut from as-rolled bar along the 
length and transverse to the length to 
represent these orientations. The Brugger 
specimens were machined from the 
blanks to a 16 micro-inch surface finish 
prior to heat treatment. The specimens 
were austenitized at 885 °C (1625 °F) for 
30 minutes at temperature, oil-quenched 
and tempered at 177 °C (350 °F) for one 
hour to an average hardness of 55 HRc 
(~595 Hv). The finished specimens were 
then controlled dual shot peened to pro-
vide a near-surface compressive stress 
layer.

Testing was performed at various 
loads to a ratio of R = 0.1 until failure 
or a runout condition was met (107 
cycles). Testing was performed until a 

complete S-N type fatigue curve was 
developed — including multiple run-
out failures at loads where no failures 
occurred — to determine an endurance 
limit for each steel condition and ori-
entation. The fractured specimens were 
examined under an FE-SEM to locate the 
initiation site(s) and, in the case of inclu-
sion origin failures, the type of the inclu-
sion was documented.

Rotating bending fatigue (RBF). 
Longitudinal (i.e., parallel to the rolling 
direction) and transverse (i.e., perpendic-
ular to the rolling direction) RBF speci-
mens from the three sample groups (A, 
B, and C) were manufactured from the 
mid-radius portion of the representative 
bars. The test samples were austenitized 
at 885 °C (1,625 °F) for 30 minutes at tem-
perature, oil-quenched and tempered at 

177 °C (350 °F) for one hour to an average 
hardness of 55 HRc (~595 Hv). Following 
the heat treatment, the specimens were 
finish machined, ground, and polished 
along the specimen axis to an axial 
Ra < 2.5 µin (0.06 µm) and a circumferen-
tial Ra < 2.0 µin (0.05 µm). An image of 
the RBF test (RR Moore) specimen and 
a typical stress profile are shown (Fig. 7).

The 4140 samples from the A, B and C 
sample groups were fatigue tested in the 
fully reversing/rotating bending test rig 
(i.e., stress ratio; R = −1 and mean stress; 
σ m = 0). A minimum of 12 (in most cases, 
16 or more) test specimens from each of 
the three groups (×2 orientations) were 
run to generate comparative S-N curves. 
At least two specimens from each group 
were run at each loading condition. The 
selected suspension criteria (i.e., runout 

Figure 5  Brugger specimen print dimensions (A), and the maximum loading stress profile imposed 
by the cyclic R = 0.1 loading condition (B).

Figure 6  Brugger test machine setup (A) and as-manufactured-and-tested to failure 
specimens (B).

Figure 7  Image of the RBF test (RR Moore) specimen (scale shown in mm) (A), and a typical 
stress profile during loading (B).
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bogey) was 107 cycles.
The fracture surface of failed test 

specimens was evaluated using an 
FE-SEM to determine the initiation 
point of the fatigue failure. If the fatigue 
crack initiated at an inclusion, the type 
was noted.

Two key fatigue metrics were mea-
sured for the Brugger and RBF tests. 
The maximum runout stress (MRS), 
as the name implies, was the highest 
stress level at which at least one speci-
men in a given test group reached the 
test suspension bogey. The second 
metric was fatigue strength (FS) (note 
that the fatigue strength is occasion-
ally referred to as fatigue or endurance 
limit.), defined as the maximum stress 
level, at or below which no samples 
within a group failed. These two metrics 
are graphically displayed in one of the 
experimentally generated S-N curves 
(Group C – Transverse Orientation) 
shown in Figure 8.

Results
Fatigue results. The fatigue results gen-
erated from these three bending fatigue 
testing methods on the three steel clean-
ness conditions and two orientations are 
presented in Figures 9 A, B, and C. The 
fatigue strength and maximum runout 
stress for the Brugger and RBF tests for 
each sample group and orientation are 
listed in Table 3. These results essen-
tially compare the testing methods, the 
steel conditions, and the orientation 
effects that were tested within this over-
all effort.

Test type comparison. Based on 
the test results in Figure 9 and Table 
3, it is apparent that fatigue perfor-
mance was highly dependent on the 
test type. STB testing consistently had 
the highest cycles to failure at a given 
stress level, followed by Brugger testing 
(~20% lower than STB), and RBF testing 
(30% to 50% lower than Brugger test-
ing). Similarly, the Brugger test showed 
higher fatigue strengths and maximum 
runout stresses than the RBF test (Table 
3). Only one runout was obtained for 
STB testing, for a longitudinal Group B 
sample tested at 1,650 MPa — well above 
the maximum runout results for either 
of the other test methods.

Figure 8  A depiction of how the key metrics were determined from the S-N type curve data.

Figure 9A
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Both the STB and Brugger tests had 
a cyclic loading ratio (R value) of 0.1, 
while the RBF test had a cyclic loading 
ratio of −1. The test results were con-
trary to the expectation that the RBF 
test (R = −1) would produce the highest 
fatigue strength due to the lowest average 
stress (0). Both the STB and Brugger tests 
(R = 0.1) had a positive average stress. A 
possible explanation for the unexpected 
relationship between test type and fatigue 
performance will be explored in the dis-
cussion section of this paper.

Steel variant and orientation compari-
son. The fatigue test results showed that 
sample orientation had a significant effect 
on fatigue performance. In RBF test-
ing the fatigue strength of the transverse 
samples was about one-half of the longi-
tudinal samples, and in Brugger testing 
it was about one-half to two-thirds. A 
fatigue strength was not determined in 
STB testing; however, the transverse sam-
ples had fewer cycles-to-failure at a given 
stress level than the longitudinal samples.

In testing of longitudinal samples, 
Group B (high oxygen) generally had the 
lowest fatigue performance. Specifically, 
in longitudinal STB testing, Group B had 
significantly fewer cycles-to-failure at the 
stress levels of 1,753 MPa and 2,022 MPa. 
At 1,753 MPa, Group B had 78% and 88% 
fewer cycles than Groups A and C, and 
at 2,022 MPa, Group B had 67% and 59% 
fewer cycles, respectively. In longitudinal 
Brugger tests, the fatigue strength and 
maximum runout only varied by about 
4% between the sample groups. This sug-
gests that the inclusion population had a 
limited effect on the longitudinal Brugger 
test. However, in longitudinal RBF tests 
the high-oxygen steel (Group B) had 
8–16% lower fatigue strength and maxi-
mum runout stress than the two low-oxy-
gen steels. Due to the differences in per-
formance between the low-oxygen steels, 
the fatigue results were also compared 
with respect to the concentration of large 
oxide inclusions. This analysis revealed 
that the fatigue performance showed a 
better correlation to the concentration 
of large oxide inclusions than to oxygen 
content (Fig. 10A).

Table 3  Fatigue strength values (FS) and maximum runout stress (MRS) for the Brugger and 
RR Moore RBF tests for each steel condition and orientation.

Sample Orientation Longitudinal Transverse
Group A B C A B C

Oxygen Content (ppm) 7 15 7 7 15 7
Oxide Conc. √A > 10 μm 2.17 7.45 0.81 2.17 7.45 0.81
Sulfur Content (wt%) 0.007 0.008 0.024 0.007 0.008 0.024

Brugger FS (MPa) 1300 1250 1300 750 850 600
Brugger MRS (MPa) 1400 1400 1350 900 850 650

RBF FS (MPa) 877 804 955 412 402 366
RBF MRS (MPa) 967 882 999 527 533 407

Figure 9  Fatigue plots for the A — STB (each point is an average of 3 tests; B — Brugger and 
C — RBF plots for all steel groups.

Figure 9B

Figure 9C
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In testing of transverse samples, Group 
C (high sulfur) consistently had the low-
est fatigue performance. In transverse 
STB testing, Group C had 57% and 85% 
fewer cycles at 1,281 MPa than Groups 
A and B, and 36% and 32% fewer cycles 
at 1,753 MPa, respectively. In transverse 
Brugger testing the fatigue strength of 
Group C was about 20–30% lower than 
groups A and B. In transverse RBF test-
ing, Group C had a fatigue strength that 
was about 10% lower than both Groups 
A and B. The effect of sulfur content on 
fatigue strength and maximum runout 
stress in Brugger and RBF testing is illus-
trated in Figure 10B.

Fractography results. The fracture sur-
face of a majority of the failed test speci-
mens were examined by scanning elec-
tron microscopy (SEM) in order to locate 
and characterize the fracture initiation 
site(s). All fracture initiation sites were 
located either at a non-metallic inclusion 
or at the specimen surface with no inclu-
sion present. In cases where fracture ini-
tiation occurred at a non-metallic inclu-
sion, the initiation sites were further cat-
egorized by inclusion type (oxide, sulfide, 
etc.). The number of fracture initiation 
sites (single vs. multiple) was also noted. 
Examples of a surface, oxide, and sulfide 
initiation site are shown (Fig. 11).

Specimen orientation and sample 
group comparison. In Figure 12 the fre-
quency of each fracture initiation type 
by sample group and orientation is 
shown for each test method. As illus-
trated in the figure, specimen orientation 
had a dramatic effect on fracture initia-
tion type. Transverse specimen fractures 
were predominantly sulfide-initiated 
while longitudinal specimen fractures 
were largely surface-initiated or oxide 

Figure 10A  Plots showing RBF fatigue performance vs. oxygen content (left); and the concentration 
of large oxides (right).

Figure 10B  Plot showing transverse Brugger and RBF fatigue performance vs. sulfur content.

Figure 11  SEM images showing a surface initiation site with no inclusion (A); an oxide initiation site (B); and a sulfide initiation 
site (C).
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Figure 12  Plots showing the frequency of each fracture initiation type (oxide, sulfide, etc.) by sample 
group and orientation in RBF testing (A); Brugger testing (B); and STB testing (C).

A

B

C

inclusion-initiated. When data from 
all test methods and sample groups 
were combined, 88% of all trans-
verse specimen fractures were sul-
fide-initiated, compared to just 1% 
of longitudinal specimens.

In Brugger and STB testing of 
longitudinal specimens, nearly all 
fractures were surface-initiated 
and little group-to-group varia-
tion was observed. It is worth not-
ing that 52% of surface initiations 
in Brugger testing were located at 
the corner (surface transition from 
horizontal to the R1.6 radius) of the 
specimen. In RBF testing of longi-
tudinal specimens a significantly 
higher rate of oxide inclusion initia-
tion was observed in Group B (high 
concentration of large oxides) com-
pared to Groups A and C. Oxide 
inclusions initiated 67% of longitu-
dinal Group B failures, compared to 
33% and 20% in Groups A and C, 
respectively.

In testing of transverse speci-
mens, Group C (high sulfur) had 
the highest frequency of multiple 
sulfide initiation sites for all test 
methods. In RBF testing, 100% of 
transverse Group C specimens had 
multiple sulfide initiation sites, and 
in Brugger and STB testing, the fre-
quency was approximately 50%.

Magnitude of applied Stress. In 
addition to sample orientation and 
sample group, the level of applied 
stress also had a significant effect 
on the fracture initiation type of 
longitudinal specimens. At stress 
levels where multiple failures were 
observed, inclusion-initiated fail-
ures increased in frequency with 
decreasing applied stress (Fig. 13). 
In RBF testing, the frequency of 
inclusion initiations was 80% at 
900 to 1,000 MPa, 50% at 1,000 to 
1,100 MPa, and 25% at 1,100 to 
1,200 MPa. Similarly, in Brugger 
and STB testing, inclusion-initi-
ated failures were only observed at 
the lowest level of applied stress at 
which multiple failures occurred.
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Discussion
As noted previously, the RR Moore RBF 
results present some of the more inter-
esting results in regard to the effects of 
inclusions on fatigue properties. As such, 
the primary test for discussion will be 
the RBF results and the impact of the 
inclusion population on the fatigue prop-
erties for this test mode. However, the 
discussion will begin by comparing the 
three different test types and the types of 
information obtained from each. It was 
noted that there was a large discrepancy 
in fatigue results between these tests, 
i.e. — on the order of nearly a factor of 
2 between the highest and lowest test 
results for the same steel conditions.

Single-tooth bend test. The higher-
stress/cycle results observed in the sin-
gle-tooth bend test — as compared to 
the other tests for all steels and orienta-
tions — suggests a difference in this test 
method compared to the other methods. 
It is also apparent that the peened sur-
face on these samples was not effective 
in preventing surface initiation and may 
have resulted in an overriding degrada-
tion of surface finish, which resulted in 
the high quantity of surface failures. Since 
most of the longitudinal tests were sur-
face-initiated, while most transverse tests 
were inclusion-initiated, it is unlikely 
that the effect was due to a surface stress 
condition.

However, this test did in fact differenti-
ate between the low and high oxide levels 
in the longitudinal orientation, show-
ing lower cycles to failure for the higher-
oxide group (showed similar results to 
transverse tests), indicating that the dirty 
steel condition resulted in a significant 
compromising of the STB fatigue results. 
This was true even though the initiation 
location of many of the longitudinal tests 
was at the surface rather than at a subsur-
face inclusion. The transverse test showed 
the general reduction in fatigue proper-
ties, as compared to longitudinal, and the 
cycles to failure tended to trend opposite 
the volume of inclusions present, with 
multiple initiation sites resulting in the 
lowest cycles to failure.

Brugger bending test. The Brugger 
stress/cycle results were intermediate, as 
compared to the other two tests, possibly 
for reasons, described later on, related 
to stressed volume factors. This test also 
suffered from a high quantity of surface 

C

B

A

Figure 13  Plots showing the frequency of each fracture initiation type (oxide, sulfide, etc.) 
of longitudinal specimens vs. the maximum applied stress in RBF testing (A); 
Brugger testing (B); and STB testing (C).
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failures in the longitudinal orientation, 
indicating that the compressive stresses 
on the peened surface may not have been 
effective at preventing surface-initiated 
failures. Furthermore, a large number 
of the surface initiation sites (52%) were 
located at the corner of the Brugger spec-
imen, suggesting that a geometric stress 
concentration promoted fracture initia-
tion at this location. As a result inclu-
sions played a very limited role in failure 
of the longitudinal specimens, and the 
high-oxide variant had only 4% lower 
fatigue strength. The sulfides dominated 
the transverse fatigue origin sites for each 
steel variant and applied load, resulting 
in a relationship between sulfur level 
and fatigue strength. As such, this test 
was probably least sensitive to inclusion 
content, type, and orientation, requiring 
more macro shifts between the steel vari-
ants to affect the fatigue performance.

RR Moore rotating bending test. A 
number of observations can be extracted 
from the measured RBF fatigue data. 
Perhaps the most apparent informa-
tion from the S-N data (Figs. 9 and 10; 
Table 3) is that the transverse samples 
from each sample group displayed sig-
nificantly lower fatigue life at a given 
load, and about half the fatigue strength 
than found for the corresponding longi-
tudinal samples. Experimental data from 
an early study by Sumita et al. (Ref. 5) 
revealed a corresponding difference in 
fatigue strength between longitudinal and 
transverse specimens in medium- and 
high-strength steels (Hv > 300), but no 
cause was assigned. The measured fatigue 
strength ratios from the current study are 
in reasonable accord with reported ratio 
values found in the literature (Ref. 6). 
Upon closer inspection of the data, the 
ratio of longitudinal- to transverse-mea-
sured fatigue strengths appears to be a 
function of sulfur content of the steel 
(Fig. 14). This may be expected, given 
that the measured total inclusion areas 
(oxides + sulfides, but dominated by sul-
fides) perpendicular to the applied stress 
for Group C were more than twice that of 
either Group A or B.

Further review of the fatigue data with 
regard to inclusion population metrics 
on the transverse specimen indicates that 
the high-sulfur sample group (C) dis-
played the poorest fatigue performance 
in this orientation. The measured fatigue 

strength of the C samples, containing 
0.024% S, was about 10% below that mea-
sured on sample groups A and B, which 
contained about one-third the sulfur and, 
equivalently, had approximately one-
third the measured sulfide area.

The S-N results on the longitudinal 
samples were more scattered than was 
found with the transverse samples. This 
may be due to the initiation location (both 
radially and axially) differences between 
these two orientations, as discussed later. 
Still, it is clear that the high-oxide sample 
group (B) had approximately a 10 to 15% 
lower MRS and FS than the two low-oxide 
sample groups. This result is in directional 
accord with findings reported in the litera-
ture (Refs. 7–9).

These effects in both sample orienta-
tions are clearly shown (Figs. 15A and 
15B). The fatigue metric (MRS and FS) 
values for the longitudinal samples are 
plotted as a function of the oxide clean-
ness in terms of DIN 50602 (OG + OA) K1 
values (Fig. 15A), while the fatigue metric 
values for the transverse samples are plot-
ted as a function of the sulfide population, 
as defined by the measured DIN 50602 SS 
K1 values (Fig. 15B).

Another observation from this study 
was the reasonably consistent difference 
in the location of the fatigue fracture 
along the specimen axis between longitu-
dinal and transverse test specimens.

Given the hour-glass geometry of the 
standard RBF test (RR Moore) speci-
men, the highest tensile stresses in the 

absence of internal defects (e.g., non-
metallic inclusions) and surface imper-
fections occur at the surface of the mid-
point of the sample. Accordingly, it may 
be expected that most of the test sam-
ples would fracture at or very near the 
mid-length of the specimen. As shown 
in Figure 16, the measured length dif-
ference of the mating halves of the failed 
test specimen indicated that average axial 
fracture location on the transverse sam-
ples was significantly and consistently 
closer to the mid-length point of the 
specimen than was found with the longi-
tudinal samples.

This observation may be reflective of 
the following facts: the fatigue failures 
in the transverse samples were primarily 
associated with MnS stringers, which were 
significantly more abundant (and likely 
more uniformly distributed) than the 
oxide inclusions where most of the fail-
ures in the longitudinal samples occurred. 
Accordingly, there would be a greater 
probability that the highest stresses would 
occur closer to the mid-length position 
in the transverse samples. Whereas in the 
longitudinal inclusion-initiated samples 
the highest stresses would be a combi-
nation of the applied and local stresses 
located around the inclusion. This may 
also account for the higher level of scatter 
in the longitudinal data, as this combina-
tion of stresses would be dependent both 
on the applied load and the inclusion pop-
ulation present.

The results of the current study 

Figure 14  Ratio of transverse to longitudinal fatigue strengths plotted as a function of sulfur content.
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Figure 15A  Fatigue metrics of longitudinal samples plotted as a function of oxide cleanness.

Figure 15B  Fatigue metrics of transverse samples plotted as a function of sulfide cleanness.

demonstrate the adverse effect of oxide 
inclusions on the fatigue life in the axial 
orientation. While a 10 to 15% difference 
in fatigue strength between the high- and 
low-oxide sample sets is not particularly 
large, the difference has been shown to 
be statistically significant. Furthermore, 
this detrimental effect of oxide popula-
tion is directionally consistent with results 
reported in much of the literature (Refs. 
7–13).

One possible explanation for the 
smaller-than-expected effect on fatigue 
performance is related to stressed vol-
ume. As recently reported, axial fatigue 
studies by Furuya (Ref. 14) on SCM440 
steel (similar to 4140) demonstrated 
the importance of relative stressed vol-
ume when evaluating the impact of 
steel cleanness (oxide population) on 
fatigue performance of two specimen 
sizes. The detrimental impact of clean-
ness on fatigue was observed with both 
specimen types. However, the single melt 
(higher oxygen) larger specimen that had 
a calculated stressed volume of 781 mm3, 
showed 25% lower fatigue strength than 
the double-melt (low-oxygen) samples. 
While in the smaller specimen, with a 
stressed volume of only 33 mm3, the dif-
ference was between 5 and 10%.

Interestingly, in the current study both 
the measured 10 to 15% difference in 
fatigue strength between the high- and 
low-oxygen sample groups and calculated 
stressed volume of the RBF specimen, 
about 23 mm3, were both very similar 
to the results with the smaller specimen 
used in Furuya’s work.

The size of the stressed volume may 
also offer a possible reason for the dis-
crepancy in fatigue performance between 

Figure 16  Images of typical transverse and longitudinal failed test specimens, illustrating the difference in axial failure location. The 
average axial distance of the fracture surface from the specimen mid-length (and corresponding standard deviation) are provided.
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the three tests. The RBF specimen had 
the highest stressed volume (about 
23 mm3) and the lowest fatigue perfor-
mance. The Brugger specimen had an 
intermediate stressed volume (about 
5 mm3) and an intermediate fatigue per-
formance relative to the two other tests. 
Finally, the STB specimens had the small-
est stressed volume (about 4 mm3) and 
the highest fatigue performance.

Summary
Three sample sets of quenched and 
tempered 4140 steel, with varying lev-
els of oxygen and sulfur, were submit-
ted to a series of single-tooth bending, 
Brugger bending, and rotating bending 
fatigue tests. Test specimens were pre-
pared in both longitudinal and transverse 
orientations.

Oxide and sulfide inclusion popula-
tions of all three sample sets were thor-
oughly characterized employing both 
SEM image analysis and high-resolution 
ultrasonic methods. The key cleanness 
metrics were in reasonable accord with 
the measured total oxygen and sulfur 
contents of the steel sample sets.

The following observations and con-
clusions can be drawn from this study:

The oxygen contents of the steels did 
not fully predict the nature of the oxide 
inclusion populations. Based on SEM-
based image analysis, Group B had 
roughly twice the oxygen content of 
Group C, but the concentration of large 
oxides (√Area > 10 µm) was about nine 
times greater. Furthermore, Groups A and 
C had the same oxygen content, yet the 
concentration of large oxides in Group A 
was three times greater than in Group C.

Sample orientation had a significant 
effect on the fatigue performance and 
failure modes in each of three test meth-
ods. In RBF testing the fatigue strength 
of the transverse samples was about one-
half of the longitudinal samples; in the 
Brugger testing it was about one-half-
to-two-thirds. In STB testing a fatigue 
strength was not determined; how-
ever, the transverse samples had fewer 
cycles to failure at a given stress level 
than the longitudinal samples. In each 
test method a large majority of transverse 
failures were sulfide inclusion-initiated, 
while very few longitudinal failures were 
sulfide-initiated.

The fatigue performance and failure 

mode of transverse samples was depen-
dent on the sulfur content of the steel. 
The high-sulfur sample set (Group C) 
had approximately 10% lower fatigue 
strength in RBF testing, and approxi-
mately 20–30% lower in Brugger testing. 
In STB testing, Group C samples had 
consistently fewer cycles to failure. In all 
test methods, Group C had a high fre-
quency of failures with multiple sulfide 
initiation sites (as opposed to a single ini-
tiation site).

The fatigue performance of longitudi-
nal samples in RBF and STB testing was 
dependent on the concentration of large 
oxide inclusions. Furthermore, the con-
centration of large oxide inclusions pro-
vided a better prediction of fatigue per-
formance than oxygen content. In RBF 
testing, Group B (highest concentration 
of large oxides) had a fatigue strength 
that was 8% lower than Group A and 
16% lower than Group C. In STB testing, 
Group B samples had 59 to 88% fewer 
cycles to failure at a given stress level. In 
RBF testing, the failure mode of longi-
tudinal samples was also dependent on 
the concentration of large oxides. Group 
B had the highest rate of oxide-initiated 
failures (67%), followed by Group A 
(33%) and Group C (20%). 
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