











Process Design: Carburizing and Shot Peening

potential that maximizes case strength without compromising
residual stress and resistance to embrittlement.

An investigation was performed to study the response of a
carburized SAE 4320 steel to carbon potentials of 0.6, 0.85, 1.05,
and 1.25 weight percent!!. Effects on retained austenite content,
residual stress state, and bending fatigue endurance limits were
assessed. A reheat step after carburizing was added to the
processing of some specimens to refine austenite grain size and to
lower the solute carbon content in the case through the formation
of carbides. Figures 9-a and 9-b show how increased carbon
resulted in higher retained austenite contents and lower residual
stresses at the specimen surface. Consequently, bending fatigue
endurance limits were found to decrease with increasing carbon as
shown in Figure 9-c. The plots also show that the reheat
treatments successfully reduced the solute carbon in the case,
contributing to the observed improvements in retained austenite,
residual stress, and endurance limit over conventionally treated
steels.
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Figure 9. The effect of carbon potential on (a) retained
austenite, (b) surface residual stress, and (c) the bending

fatigue endurance limit of a carburized SAE 4320 steel.
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Figure 10. Effect of shot peening on the S-N curve of a carburized
SAE 4320 steel.

Correlations Between Endurance Limit and Specimen
Characteristics. The correlation coefficient, r, provides a guide
as to which variables have the most pronounced effect on the
variable of interest - in this case endurance limit. Specifically, the
correlation coefficient is a measure of the strength of the linear
relationship between two variables. When a linear relationship is
nonexistent, the r-value is close to zero. A perfectly linear
dependence results in an r-value of 1 or -1, depending on whether
a positive or negative linear relationship exists between the two
variables.

Several variables were considered to determine those with the
strongest correlations with bending fatigue endurance limit:
surface carbon content, surface hardness, case depth to 50 HRC,
residual stress, retained austenite, case and core grain size, depth
of intergranular oxidation, and surface roughness in the specimen
root along the longitudinal axis of the specimen. Residual stress
and retained austenite profiles into the case exist for many data
sets; thus values from the surface as well as from deeper into the
case were considered. Figure 11 displays the absolute value of the
correlation coefficient of each variable with endurance limit.
Absolute values were used so the strengths of the relationships
could be easily compared. The plot shows that surface residual
stress and prior austenite grain size in the case exhibit the strongest
relationships with endurance limit.

In the statistical design of an experiment to measure the
impact of a variable, one would select values for that variable that
would span an appreciable range to insure the variable was
effectively tested. In the present study, however, the analysis was
performed within the confines of test conditions having been
already established.  This non-ideal experiment setup was
monitored to insure false conclusions were not drawn. For
example, intergranular oxidation data do not vary significantly.
Almost all of the surface oxides were found to be about 10 um
deep, and thus the oxidation correlation results should not be
applied to a wide range of depths. Conversely, case grain size
varied to a large degree, from 4 um to 18 um, across the total data
set. Specimen characteristics that varied little include oxidation



depth, retained austenite, the surface roughness parameters,
and to a certain extent residual stress.
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Figure 11. Correlations of measured specimen characteristics
to bending fatigue endurance limit.

Multiple Regression Model for Endurance Limit. A
multiple regression analysis was used to describe the bending
fatigue endurance limit by an equation of the general form:

0))

Endurance Limit = B, + B\v, + BV, + Byv; +...

where the coefficients are constants and v;, i=1,2,3.., represent
the independent variables. Three statistical measurements
were used to choose the combination of variables for the
model: the multiple coefficient of error (R?), the F-statistic,
and the P-value. R? is a measure of how well a model fits a set
of data. The F-statistic is a test of the hypothesis that at least
one of the regression coefficients in Eq. 1 is not zero, or is a
determination of whether the model is more useful than no
model at all. The P-value is derived from the two-tailed t-
distribution. It is the probability that a regression coefficient
can be considered statistically equivalent to zero. In
summary, the goal of the regression analysis is to create a
model that maximizes the R and F-statistic while minimizing
the P-values for the independent variables.

A regression model to describe bending fatigue
endurance limit was created by starting with a very complex
equation containing all the specimen characteristics and
subsequently simplifying the model by eliminating variables
with large P-values. With the reduction in number of
variables, the fit to the experimental data was less accurate,
yet overall confidence in the regression coefficients increased.
The most appropriate model seems to be one that contains
only the effects of case grain size and surface residual stress.
The details of the model are shown in Eq. 2 and Table 1.
While all functional relationships between endurance limit
and grain size produced equally good results, a Hall-Petch
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type dependence on grain size was chosen because of its
significance in materials strengthening. The negative sign on the
residual stress coefficient is due to the convention used in this
work that defines compressive stresses as negative.

Figure 12 is a graphical representation of the regression
model detailed in Table 1. The figure is a contour plot showing
lines of constant endurance limit as a function of case grain
diameter and surface residual stress. Moving from the top-right to
the bottom-left of the plot, case grains become finer and residual
stresses more compressive, yielding higher endurance limits. The
multiple regression equation is only valid over the range in which
the variables were tested. Consequently, the plot should only be
referenced for case grain diameters between 4 and 18 pm and
residual stresses between approximately 0 and 1500 MPa in
compression. Within this region, the standard error of the model is
121 MPa. Figure 13 compares the experimental data to values
predicted by the model.

1
Endurance Limit (MPa) = 750 + 1352 x (Case Grain Diam.(zm))z ~ (2)

—0.19 x (Surface Residual Stress (MPa))

Table 1: Multiple Regression Model Predicting Bending Fatigue
Endurance Limit

R? 0.551
F-statistic 36.8
Variable Regression P-value
Coefficient
Y-Intercept 750.1
(Case Grain 1352 1.82x10*
Diameter)'m, pm
Surface Residual -0.1887 3.20x 10
Stress, MPa

Determiners of Grain Size and Residual Stress. In an
effort to guide the design of alloys to achieve fine grains and
highly compressive residual stresses, correlation calculations were
performed to determine which specimen characteristics most
strongly affect the two variables of interest. It was necessary to
omit shot peened alloys from the calculations to obtain meaningful
residual stress correlations. Shot peening creates high compressive
residual stresses that exaggerate the effects of other variables that
may have just happened to have extreme values in shot peened
studies. Case grain size correlations encompass all data, including
shot peened alloys. Figure 14 shows the results of the correlation
calculations, limited to the variables that had the strongest
correlations. Significant correlations to case grain size are shared
with core grain size and several alloying additions. Residual stress
correlations show the effects of several elements as well as surface
hardness, core grain size, and case depth.
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Figure 12. Graphical representation of regression model in
Table 1 depicting constant endurance limit contours as a
function of case grain size and surface residual stress.
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Figure 13. Comparison between experimental endurance
limits and model predictions.

The case grain size correlations show some interesting
relationships. The high correlation with core grain size is
expected, because those factors that promote a fine case grain
size usually affect the core similarly. A cause and effect
relationship between case and core grain size is most likely
not present. The second strongest correlation to case grain
size is aluminum content. In light of the grain refining nature
of aluminum nitride, the correlation is expected. Nitrogen
does not show a strong correlation to case grain size; however,
nitrogen levels were fairly consistent across the research
projects and thus would not be expected to show significant

correlations. The lack of any strong relationships to case grain
size reflects the dependence of grain size on variables other than
microstructure and chemistry. Many reheat treatments that
produce fine grain sizes were part of this study, and they can easily
overshadow the effects of other variables. The carbon potential
study reviewed previously found that case grain sizes were
reduced nearly in half from a diameter of 9.4 um to 4.8 um when a
reheat step was added.
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Figure 14. Correlation of specimen characteristics to case grain
size and surface residual stress.

The residual stress calculations revealed a few relationships
that may be significant. The levels of sulfur and phosphorous are
most likely not determiners of residual stress despite the relatively
high correlation coefficients for these elements. The surface
hardness relationship may be indicative of a more complete
martensitic transformation upon quenching, which would be
expected to influence the residual stress state. The depth of the
carburized case, also, would be expected to impact the stress state
at the surface. Like grain size, residual stress was found to depend
primarily on processing, not chemistry or microstructural
characteristics. In all cases, shot peening dramatically increased
compressive residual stresses from values of 100 MPa in unpeened
specimens to 1100-1500 MPa after peening.

Perspectives on the Statistical Analysis. The statistical
analysis consolidated data taken over a decade of work by several
researchers on many different alloy compositions. Despite the
many sources of variation inherent with this experimental setup, a
few very significant determiners of bending fatigue endurance
limit emerged: case grain size and surface residual stress. A few
factors that are known to affect fatigue performance were not
exposed in the broad study of the fatigue data. For example, the
detrimental effects of the impurity elements, sulfur and
phosphorous, discussed earlier were not revealed in this analysis.
Both bulk S and P varied little in the total data set. Similarly, the
statistical analysis did not reveal retained austenite as a significant
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factor in fatigue, although an austenite effect is well known.
The relatively constant carburizing conditions used throughout
the studies confined retained austenite contents to a narrow
range, between approximately 20 and 25 volume percent.
This lack of variation prevented an accurate assessment of the
impact of retained austenite.

Conclusions

The following conclusions are based upon data taken
over a decade of work by several researchers on many
different alloy compositions. It has been shown that
significant gains in the fatigue performance of gas-carburized
gear steels can be realized through proper control of alloy
chemistry and processing. Significant results are as follows:

1. Elevated sulfur levels produced a high density of MnS
inclusions. The MnS inclusions act as stress concentrators
that facilitate fatigue crack initiation. As bulk sulfur content
in a carburized SAE 8219-type steel increased from 0.006 to
0.029 weight percent, the endurance limit dropped from 1260
to 1070 MPa.

2. Phosphorous strongly promotes intergranular fatigue
crack initiation through its stabilizing effect on cementite.
When phosphorous levels exceeded 0.017 weight percent in a
carburized SAE 4320 steel, the endurance limit dropped
sharply. An increase in P from 0.017 to 0.031 weight percent
reduced endurance limits from 1075 to 875 MPa.

3. Intergranular oxidation, associated with gas carburizing,
was effectively controlled by reducing the levels of high
oxide-potential elements. Reductions in silicon in a low-Cr
SAE 4320 steel resulted in smaller oxide depths and higher
endurance limits. Reductions in manganese improved fatigue
performance of the low-Si alloy to a lesser degree, primarily
by reducing the extent of oxide coverage on austenite grain
boundaries.

4. Reductions in case carbon content, through lower gas
carburizing potentials and the use of reheat treatments,
resulted in less retained austenite and higher compressive
residual stresses, leading to improvements in the endurance
limit of a carburized SAE 4320 steel.

5. Shot peening significantly enhanced compressive surface
residual stresses from 100 MPa to over 1000 MPa in several
carburizing steel grades. As a result, bending fatigue
endurance limits of 1400 to 1500 MPa were achieved, 250-
380 MPa higher than those of unpeened specimens.

6. A statistical analysis of the entire set of bending fatigue
data identified prior austenite grain size in the case and
surface residual stress as the most important factors that
determine endurance limit. A multiple regression model to
predict endurance limit achieved an R* value of 0.56. Case
grain refinement was most effectively achieved through reheat
treatments, while shot peening was found to be the primary

means to significantly increase compressive surface residual
stresses.
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