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With the development of new steels and processing techniques, there have been corresponding advances in the 
fatigue performance of automotive components. These advances have led to increased component life and smaller 
power transfer systems. New processing approaches to enhance the fatigue performance of steels are reviewed 
with an emphasis on carburizing and deep rolling. Selected examples are presented to illustrate the importance of 
the base steel properties on the final performance of surface modified materials. Results on carburized gear steels 
illustrate the dependence of the fatigue behavior on carburizing process control (gas and vacuum carburizing), 
alloy additions and microstructure. The importance of retained austenite content, case and core grain size as 
controlled by processing and microalloy additions, extent of intergranular oxidation, and the residual stress profile 
on fatigue performance is also illustrated. Specific recent results on the use of microalloying elements (e.g. Nb) 
and process history control to limit austenite grain growth at the higher carburizing temperatures associated 
with vacuum carburizing are highlighted. For crankshaft applications, deep rolling is highlighted, a process to 
mechanically work fillet surfaces to improve fatigue resistance. The influence of the deformation behavior of 
the substrate, as characterized by standard tensile and compression tests, on the ability to create desired surface 
properties and residual stress profiles will be illustrated with data on several new steels of current and future 
interest for crankshaft applications.
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1. Introduction

With improvements in steel making, there have been significant 
advances in the development of bar steels for fatigue-sensitive au-
tomotive applications, such as gears and shafts. Automotive design 
requirements that demand smaller and lighter components without 
sacrificing torque or force capacity have led to the need for compo-
nents with significantly improved fatigue performance. To satisfy 
these needs, material/processing combinations that concentrate on 
surface microstructure have been developed.

Improvements in fatigue performance in components are derived 
primarily by decreasing the surface cyclic tensile stress or by increas-
ing the surface yield stress, thereby increasing the resistance to fatigue 
crack nucleation. To achieve these goals, common surface modifi-
cation processes, which often simultaneously increase the surface 
yield stress and introduce a residual compressive stress to decrease 
the surface cyclic tensile stress, are based on heat treating (e.g. car-
burizing, carbonitriding, laser hardening, and induction hardening), 
non-uniform plastic deformation (e.g. peening and deep rolling), or 
selected surface alloy modification (e.g. ion implantation and chemi-
cal or physical vapor deposition). To realize the maximum improve-
ment in fatigue performance these surface modification techniques 
must be carefully controlled and matched with the particular alloy of 
interest to ensure that undesirable features (e.g. microcracks, incorrect 
microstructure, etc) are not introduced during manufacture.

In this paper the importance of understanding the interactions 
between steel alloy composition and microstructure, as controlled 
by processing, with selected surface modification techniques is pre-
sented. This paper is based on the results of multiple investigations in 

the authors’ laboratories and is presented in two parts. The first part 
concentrates on carburized steel testing results obtained on a special 
laboratory sample designed to simulate root-bending fatigue1-5, of gear 
teeth and the second part summarizes recent results on deep rolled 
laboratory samples designed to simulate crankshaft fillets.

2. Carburized Steel

2.1. Alloying concepts

Steels with optimal fatigue resistance possess several desirable 
alloying and processing characteristics. The case should consist of a 
high-carbon tempered martensite and retained austenite without the 
presence of non-martensite transformation (NMT) products. Alloying 
elements that increase hardenability, e.g. Ni, Cr, Mn, and Mo, sup-
press the formation of non-martensitic transformation products upon 
quenching. In addition, Ni is often added to improve martensite tough-
ness. Some automotive carburizing steel grades are summarized in 
Table 1. Large carbides, oxides, and other second-phase particles are 
to be avoided. These structures may either combine with other features 
that initiate fatigue cracks, or in the absence of such features, serve 
as the sole source of fatigue crack initiation. Consequently, careful 
control of strong-oxide-forming elements (e.g. Cr, Si, Mn), in addi-
tion to control of S and P, is required in conventional gas-carburizing 
furnaces. As will be shown below, austenite grain size refinement is 
also critical6. With the increased use of vacuum or plasma carburiz-
ing furnaces, it may be more straightforward and cost effective to 
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utilize high-hardenability, oxide-forming elements (e.g. Si) to control 
specific microstructural features to enhance fatigue resistance7,8.

2.2. Bending fatigue failure mechanisms in carburized steels

Carburized steels, directly quenched after carburizing, develop 
case microstructures consisting of plate martensite and retained 
austenite, and may be susceptible to intergranular cracking3,9. In 
bending fatigue, cracks initiate intergranularly and propagate as 
stable transgranular cracks, which eventually reach critical crack 
lengths and propagate as unstable intergranular cracks3. Figure 1 
shows a typical fracture progression of bending fatigue in carburized 
4820 steel. Figure 1a shows an overview of the stable transgranular 
crack with a schematic drawing as an insert that illustrates the spe-
cific fracture regions, and at higher magnification, Figure 1b shows 
intergranular initiation at the surface, Figure 1c shows the interface 
of the transgranular crack and the intergranular unstable crack, and 

Figure 1d shows the intergranular decohesion associated with over-
load propagation.

In direct-quenched gear steels the fatigue life has been shown 
to correlate with the susceptibility of fatigue crack nucleation by 
intergranular fracture1 which may result from two primary reasons: 
(a) the presence of intergranular oxides (IGO) produced during con-
ventional gas carburizing2-6; or (b) the susceptibility of the austenite 
grain boundaries to quench embrittlement, i.e. intergranular fracture 
due to the presence of cementite formed on austenite grain boundaries 
during heat treating7,10.

In the absence of shot peening or other surface deformation proc-
esses, one of the primary metallurgical approaches available to control 
fatigue performance of advanced automotive bar steels, is to carefully 
control the alloy content and processing to minimize intergranular 
fatigue crack nucleation. For example, moderate to good endurance 
limits of 1000-1300 MPa have been observed1 when the initial fatigue 

Table 1. Nominal compositions of automotive carburizing steels; S and P less than 0.025 (wt. pct).

Steel C Mn Si Cr Ni Mo

SAE 9310 0.08 - 0.13 0.45 - 0.65 0.15 - 0.35 1.00 - 1.40 3.00 - 3.50 0.08 - 0.15

SAE 4320 0.17 - 0.22 0.45 - 0.65 0.15 - 0.35 0.40 - 0.60 1.65 - 2.00 0.20 - 0.30

SAE 8620 0.18 - 0.23 0.70 - 0.90 0.15 - 0.35 0.40 - 0.60 0.40 - 0.70 0.15 - 0.25

SAE 4820 0.18 - 0.23 0.50 - 0.70 0.15 - 0.35 - 3.25 - 3.75 0.20 - 0.30

SAE 4118 0.18 - 0.23 0.70 - 0.90 0.20 - 0.35 0.40 - 0.60 - 0.08 - 0.15

SCM420 0.18 - 0.23 0.60 - 0.85 0.15 - 0.35 0.90 - 1.20 < 0.25 0.15 - 0.30

20MnCr5 0.17 - 0.22 1.10 - 1.40 0.15 - 0.40 1.00 - 1.30 - -

10 m

(b)

25 mFinal Overload

Intergranular
Nucleation

Intergranular 
Overload

(a)

10 m

(d)

10 m

(c)

Figure 1. Fracture in case carburized microstructure in 4820 steel: a) overview of fatigue crack sequence; b) intergranular surface initiation; c) interface of 
transgranular and intergranular cracks; and d) overload intergranular fracture9.
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crack predominantly formed as a result of the separation of prior 
austenite grain boundaries at the component surface. However, higher 
endurance limits, above 1400 MPa, are associated with transgranular 
crack nucleation within the prior austenite grains11.

2.3. Intergranular oxide control

The atmosphere within a gas carburizing furnace typically con-
tains a small amount of oxygen causing internal oxidation, typically 
to depths of 10 to 20 μm, particularly in the presence of susceptible 
alloying additions (e.g. Si, Mn, and Cr). The oxides are frequently 
found along prior-austenite grain boundaries. Furthermore, oxidation 
removes solutes such as chromium and manganese that provide matrix 
hardenability12. This may result in the formation of non-martensitic 
microstructures such as ferrite, bainite, or pearlite upon quenching. 
The formation of the non-martensitic structures compromises both 
hardness and compressive residual stresses, thus reducing fatigue 
performance.

A recent study on the effects of high oxide-potential elements in 
a gas carburized SAE 4320-type steel has shown that control of alloy 
chemistry (e.g. Mn and Si levels) can virtually eliminate intergranular 
oxidation (IGO) and increase fatigue performance13. Figure 2 shows 
that a reduction in the level of oxidizing elements led to a lower IGO 
depth and correspondingly an increase in fatigue resistance in a series 
of alloys modified with Mo to maintain constant hardenabilty. In a 
related study, Cornelissen et al. showed that the IGO layer observed 
in Figure 2a for the high Mn, high Si steel could be eliminated by 
processing in a low pressure plasma-carburizing system (e.g. “vacuum 
carburizing”), and the endurance limit could be raised to 1525 MPa14. 
This latter observation indicates that there are opportunities for alloy 

modifications that utilize elements undesirable in gas carburizing in 
steels designed for processing in vacuum carburizing systems8.

2.4. Phosphorus and sulfur effects

Control of phosphorus and sulfur to levels much lower than nor-
mally accepted for commercial steels (e.g. Table 1) has been shown 
to markedly improve the fatigue resistance of carburized steels. Sulfur 
as MnS particles improves machinability. However, the detrimental 
effects of MnS particles on fatigue performance were demonstrated, 
as shown in Figure 3a, by a study that systematically varied sulfur 
content in an SAE 8219-type steel1. The increase in bulk sulfur con-
tent from 0.006 to 0.029 weight percent resulted in a decrease in the 
endurance limit from 1260 to 1070 MPa.

Phosphorous strongly promotes quench embrittlement by its 
segregation to austenite grain boundaries and its apparent stabilizing 
effect on cementite7,10. A study on the effects of phosphorous content 
in a carburized SAE 4320 steel showed that high bulk phosphorous 
levels increase the phosphorous concentration at austenite grain 
boundaries and considerably lower bending fatigue endurance limits15. 
As shown in Figure 3b when the bulk phosphorous content exceeded 
0.017 weight percent, endurance limit dropped significantly, e.g. an 
increase in phosphorous from 0.017 to 0.031 weight percent reduced 
endurance limits from 1075 to 875 MPa. Despite the beneficial ef-
fects of low phosphorous levels on endurance limits, fatigue crack 
initiation was still intergranular in all direct-quenched alloys. This 
observation implies that there are opportunities for further control 
of intergranular fatigue crack nucleation by minimizing the effects 
of quench embrittlement through alloy additions, e.g. Si, in steels 
designed for vacuum carburizing8. 
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Figure 3. Effects of sulfur and phosphorus on the fatigue performance of a) SAE 8219 modified steel1; and b) SAE 4320 modified steel15.

(a) 0.6 Mn, 0.14 Si, 0.17 Cr, 0.26 Mo (b) 0.31 Mn, 0.07 Si, 0.18 Cr, 0.47 Mo

Figure 2. Light optical micrographs (unetched) showing surface oxidation in gas carburized samples of modified 4320 steels (compositions, wt. (%)): a) high 
Mn, high Si, endurance limit 1075 MPa; and b) low Mn, low Si, endurance limit 1350 MPa13.
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2.5. Prior austenite grain size

Control of prior austenite grain size in the case of carburized 
steels is extremely important in optimizing fatigue performance. With 
the expanded use of higher carburizing temperatures associated with 
vacuum carburizing, austenite grain size control will become even 
more important in the future. Fine grain sizes in carburized cases 
can be produced by reheating after the original quench cycle or by 
inducing multiple phase transformations. This approach has been 
successfully applied to increase the fatigue resistance of carburized 
SAE 4320 steel2,4 and SAE 8620 steel16. Hyde et al. in their analysis of 
single and triple reheats on the phosphorus-modified SAE 4320 steels 
shown in Figure 3b found that the effects of phosphorus could be 
eliminated and the endurance limit, independent of phosphorous level, 
raised to approximately 1400 MPa by grain refinement2.

Figure 4 summarizes results of the effects of different metallurgi-
cal variables, including austenite grain size, on the fatigue perform-
ance of carburized steels. Figure 4a compares correlation coefficients 
from a statistical analysis of a large set of experimental fatigue data17, 
all obtained in the same laboratory with the same specimen geometry, 
and shows that for these studies, the austenite grain size was the most 
important parameter that correlated to fatigue resistance. It was in-
terpreted that with a refinement in austenite grain size decreased the 
susceptibility to intergranular fracture, in part due to the increased 
tortuosity of the intergranular crack path. In Figure 4b the grain size 
effects are explored in more detail. Endurance limits are shown to 
follow a Hall-Petch relationship with grain size13.

The use of reheat treatments is not industrially attractive as a 
method to refine austenite grain size, as it requires additional process-
ing steps. Several studies have shown that microalloy additions that 
form precipitates, primarily Ti and Nb18-20, and processing to control 
precipitate dispersions, can be used to suppress austenite grain growth 
during carburizing, particularly at the higher temperatures associated 
with vacuum carburizing. Example austenite grain structures obtained 
in a series of SAE 8620 steels with systematic Nb variations20 to a 
Ti-modified SAE 8620 steel19 are presented in Figure 5. For samples 
annealed for 240 minutes at 1000 °C, the prior austenite grain size 
decreased with an increase in Nb level. At this temperature, which 
is higher than normally used in gas carburizing, the highest Nb ad-

dition was able to suppress abnormal grain growth. The significance 
of the different austenite grain structures shown in Figure 5 on the 
susceptibility to intergranular fracture remains undefined and should 
be the subject of future investigations.

2.6. Residual stress and retained austenite 
in carburized steels

Case retained austenite and residual stress levels are interrelated, 
and simultaneous control is required to optimize fatigue properties 
of carburized steels. Large amounts of retained austenite diminish 
compressive residual stresses and lower yield strengths, as illustrated 
by Medlin et al.4 who showed that the amount of retained austenite 
increased and surface residual stress decreased with an increase in 
case carbon content in gas carburized SAE 4320 steel. Correspond-
ingly, the fatigue endurance limit increased with an increase in surface 
residual compressive stress.

Shot peening is also an effective way to modify the surface 
residual stress and surface retained austenite content. Shot peening 
was evaluated with the use of soft steel shot, hard steel shot, and a 
two-step (hard shot + low intensity-soft shot) peening treatment on 
a carburized SAE 4320 steel5. All peening processes significantly 
reduced retained austenite at the specimen surface, from 28 volume 
percent in the as-carburized condition to less than 9 volume percent 
after all peening treatments. Surface hardness increased from 57 to 
61 HRC, and compressive surface residual stresses dramatically 
increased from 100 to almost 1000 MPa. As a result, bending fatigue 
endurance limits increased from 1070 to over 1400 MPa for all peen-
ing treatments evaluated.

3. Deep Rolling
Similar to shot peening, deep rolling is a process that utilizes cold 

working and non-uniform plastic strain to control surface hardness 
and residual stress to result in parts with improved fatigue resist-
ance21,22. Deep rolling also can be used to improve surface finish and 
radial profiles in fillets. Crankshafts, axle shafts, and fasteners have 
been the primary areas of interest for the application of deep rolling. 
In this paper, recent results21 are used to illustrate the importance 
of base material microstructure and properties on the subsequent 
response to surface modification by deep rolling.
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Figure 4. Assessment of the effects of metallurgical variables on the bending fatigue performance of carburized steels: a) statistical analysis of correlation 
coefficients bending fatigue17; and b) influence of grain size on bending fatigue in various steels13.
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0.85 Mn, 0.85 Cr, 0.22 Mo – wt. (%)); a non-traditional bainitic 
direct-cooled steel that contains 14.5 pct. retained austenite (NTB: 
0.38 C, 1.21 Mn, 0.73 Si, 0.22 Mo, 0.099 V – wt. (%)); and an as 
hot-rolled ferritic/pearlitic low alloy steel (C38M: 0.41 C, 1.30 Mn, 
0.56 Si, 0.11 V – wt. (%)). Differences in deformation behavior, pri-
marily manifested as differences in the strain hardening behavior at 
low strains, are illustrated in the tensile and compressive true-stress 
versus true-strain curves shown in Figure 6a. The 4140 steel exhibits 
the highest yield stress, the appearance of discontinuous yielding, and 
the lowest strain hardening rate in the low strain region. In contrast, 
the other two steels exhibit lower yield stresses and higher strain 
hardening rates at low strains. As shown in Figure 6b, the response to 
deep rolling, plotted as cycles to failure versus rolling load in a study 

Figure 5. Light optical micrographs showing the effects of Nb additions on the 
prior austenite grain size formed in a Ti-modified steel annealed for 240 min at 
1000 °C, a) 0.02 Nb; b) 0.06 Nb; and c) 0.1 Nb, all compositions in wt. (%)20.

(a)

(b)

(c)

Three medium carbon bar steels with microstructures character-
istic of forging steels of interest for crankshaft and other automotive 
applications, were evaluated: a quenched and tempered steel with 
a heavily tempered martensitic microstructure (AISI 4140: 0.45 C, 
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designed to define the optimized deep rolling parameters for each 
steel, depends on the substrate deformation behavior. Specifically, 
the steels with higher strain hardening rates at low strains achieve a 
peak in performance at a lower imposed rolling load.

Complete reversed bending fatigue stress-life curves were ob-
tained for each material in the as-received condition and processed at 
rolling conditions that correlated to the peak performance illustrated in 
Figure 6b. Figure 7a compares the fatigue data for the NTB steel and 
illustrates that deep rolling measurably improved the fatigue resist-
ance. In Figure 7b, the degree of improvement in the fatigue behavior 
is summarized along with the base steel mechanical properties. While 
all three steels exhibit improvement in fatigue performance, as shown 
in Figure 6b the two steels with microstructures that lead to rapid 
strain hardening exhibit a wider range in roller hardening loads as-
sociated with the peak processing condition, i.e. these steels are less 
sensitive to rolling process variables. Analysis of the fundamental 
relationships between deep rolling and the substrate deformation 
behavior is the subject of ongoing investigation23.

4. Summary

It is well known that the fatigue properties of automotive 
components depend on applied stresses, as dictated by design and 
operating conditions, as well as the surface finish, a product of the 
final manufacturing operations. Nonetheless, in this paper, several 
additional opportunities were presented to further optimize the fa-
tigue behavior of surface-modified steels through alloying additions, 
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Figure 7. a) A comparison of deep rolled and baseline bending fatigue behavior 
for the NTB steel; and b) a summary of the extent of improvement imparted by 
the deep rolling process along with the base steel mechanical properties21.

mechanical deformation, and microstructural control. It is anticipated 
that future automotive applications that demand even higher material 
performance will require simultaneous implementation of several 
of the material design philosophies illustrated here. The reader is 
encouraged to refer to many of the cited references for more detailed 
discussions of the highlighted studies.
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