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Introduction
Carburizing is a commonly used method for increasing 

the strength and wear resistance of gearing. A signifi cant 
benefi t of the carburization process is that compressive 
residual stresses are developed near the surface due to phase 
transformations that occur during the post carburization heat 
treatment steps. After carburization it is necessary to fi nish the 
gear by processes such as grinding or skiving. These fi nishing 
processes develop the precise geometric form required while 
improving the surface fi nish. Finishing processes change the 
residual stress imparted by carburization and subsequent heat 
treatment processes. These changes are due to the removal 
of material and the associated rebalancing of the residual 
stresses and the introduction of near surface residual stresses 
by the machining operations.

A grinding allowance is used to specify the amount of 
material to be left on a machined gear prior to heat treatment. 
This excess material and any material associated with a 
geometry change during heat treatment are removed by the 
fi nishing process. The magnitude of this grinding allowance 
will affect the strength, fatigue life and wear resistance of 
the fi nished gear because of its relationship to changes in the 
residual stresses. Removal of the excess material will also 
remove any retained austenite.
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Management Summary
This paper presents the results of a study performed to measure the change in residual stress that results from the fi nish 
grinding of carburized gears. Residual stresses were measured in fi ve gears using the x-ray diffraction equipment in the 
Large Specimen Residual Stress Facility at Oak Ridge National Laboratory. Two of the gears were hobbed, carburized, 
quenched and tempered, but not fi nished. The remaining three gears were processed similarly, but were fi nish ground. 
The residual stresses were measured at 64 different locations on a tooth from each gear. Residual stresses were also 
measured at fewer points on other teeth to determine the tooth-to-tooth variation. Tooth profi le measurements were also 
made of the fi nished and unfi nished gear samples.

The results show a fairly uniform and constant compressive residual fi eld in the non-fi nished gears. There was a signifi cant 
reduction in the average residual stress measured in the fi nished gears. Additionally, there was a signifi cant increase in 
the variability of the residual stress that was introduced by the grinding process. Large variations were observed in both 
the lateral and longitudinal directions on a tooth surface. Analysis of the data suggests a linear relationship between the 
change in average residual stress and the amount of material removed by the grinding process.

Test Gears
The three fi nished ground samples were designated as 

Finished 1, 2 and 3. The two remaining unfi nished samples 
were designated as Unfi nished 1 and 2. Each gear had 25 
teeth; a diametral pitch of 4 teeth/inch; a pressure angle of 20 
degrees; full radius fi llets; no addendum modifi cation; and a 
face width of 0.75". The gears were fl at with no ribs, rims or 
other weight reduction features (Fig. 1).

The measurement of residual stresses in gear teeth using x-
ray diffraction is complicated by the curvature of the involute 
and trochoid geometries, and the potential for interference of 
the incident or diffracted beam by adjacent teeth. The size of 
the gears used in this study was chosen so that the residual 
stresses could be measured over most of the tooth surface.

Most of the residual stresses measured were in the 
longitudinal direction of the gear tooth (Fig. 2). A few residual 
stress measurements were also made in the lateral direction. 
The 64 locations on a tooth from each sample where residual 
stresses were measured are shown in Figure 3. There are 
eight lateral locations associated with each radius. The lateral 
locations are spaced 0.079". Residual stress measurements 
were not made at the critical bending stress location in the 
fi llet. This was due to the high curvature in the fi llet area and 
interference with the incident or refracted beam path from 
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adjacent teeth.
The gear blanks for each sample were taken from the same 

length of 8620H bar stock. The steps used in the fabrication 
of the samples are listed in Table 1. The time at temperature 
for the normalize, stress relief and defuse steps was based 
on 1-hour-per-inch of thickness. The carburization step was 
done using an 80–90% natural gas-derived endothermic gas 
atmosphere. Test slugs were pulled during the carburization 
step to verify an effective case depth of 0.030". The fi nal 
surface hardness was determined to be within the range of 
58–62 HRC. The fi nish grinding was done using a vitrifi ed 
alumina grinding wheel on a CNC grinder.

The profi les of each sample were measured using a CMM 
at Oak Ridge National Laboratory. The profi les were measured 
at three lateral locations on each sample. There was no 
discernible difference between the three lateral measurements 
for each sample when the measurements were superimposed. 

The profi les measured at the fi rst lateral location on the fi ve 
samples are compared in Figure 4. There was virtually no 
discernible difference between the measured profi les of the 
samples designated Unfi nished 1 and Unfi nished 2. There 
was also little noticeable difference between the samples 
designated Finished 1 and Finished 2. However, the gear 
designated Finished 3 had noticeably more material removed 
at the tip than did gears Finished 1 and Finished 2. At the pitch 
circle, all of the fi nished samples were virtually the same.

Figure 5 shows the grind depth versus radius for each 
of the fi nished samples. The grind depth reported is the 
perpendicular distance from the unfi nished profi le to the 
fi nished profi le (Fig. 6). The increased tip relief observed in 
the sample designated Finished 3 is quite noticeable. With 
the exception of the tip relief found in Finished 3, the grind 
depth is similar for all radii greater than the form radius. The 
material removed at the pitch circle by grinding ranged from 
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Table 1—Fabrication steps.

1. Rough machine

2. Normalize  (1,740°F)

3. Stress relief  (1,250°F)

4. Finish machine

5.  Carburize (1,650°F)

6.  Defuse (1,550°F)

7.  Oil quench (135°F)

8. Temper  (450°F)

9. Finish grindFigure 3—Radial and lateral locations where the residual stress measure-
ments were made.

Figure 1—A typical finished gear. This gear is designated Finished 1. Figure 2—Longitudinal and lateral tooth directions on tooth.
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0.0082" to 0.0085" (0.208 to 0.216 mm).
X-Ray Diffraction Measurements

Residual stress measurements were made using the 
Model 1600 TEC diffractometer in the Residual Stress User 
Center at Oak Ridge National Laboratory. The residual stress 
measurements involved measuring the interatomic spacing (d-
space) between atoms for the (211) crystal plane at different 
x-ray beam incident angles (ψ) (Ref.1). The measured d-space 
is the average value for a group of properly oriented grains 
near the irradiated surface. The residual stress was determined 
using the sin2ψ technique (Ref. 2). In this method d-space is 
plotted as a function of sin2ψ. The y-intercept of the plot 
was taken as the unstrained d-space (d0) with the slope being 
proportional to the residual stress. A 2 mm (0.079") diameter 
collimator, vanadium fi lter, and Kα radiation from a chromium 
x-ray target were used. Figure 7 shows a picture of a portion 
of the diffractometer and one of the samples mounted in the 
diffractometer. On average, 10 ψ-angles with a two-degree 
oscillation were used at each radial location. As seen in Figure 
7, black electrical tape was used to cover neighboring teeth to 
eliminate any radiation scattered from them. Figure 8 provides 
an example of a typical d-space versus sin2ψ plot.

Residual Stress Data for Unfi nished Samples
The residual stress component acting in the longitudinal 

direction for the gears designated as Unfi nished 1 and 
Unfi nished 2 is shown in Figures 9 and 10. Each line is 
associated with a specifi c radius. There are eight data points 
per line. Table 2 gives the average and standard deviation of 
the longitudinal residual stress measured on the randomly 
selected tooth for each gear. The average and standard 
deviation values given in Table 2 are for the 64 measurement 
locations on the tooth.

The average residual stress for all 64 locations on the 
tooth from sample Unfi nished 1 is 185 ksi and 150 ksi for 
Unfi nished 2. The 35 ksi difference in the average longitudinal 
residual stress led to the measurement of the longitudinal 
residual stress at a similar location on several additional 
teeth of gear Unfi nished 2. The tooth-to-tooth variation in the 
longitudinal residual stress (measured at a radius of 3.244" 
(82.4 mm) and lateral location of 0.315" (8 mm) is shown 
in Figure 11. The tooth-to-tooth variation ranges from 138 
ksi to 191 ksi with an average value of 160 ksi. The average 
longitudinal residual stress measured on the tooth from both 
Unfi nished 1 and Unfi nished 2 fall within this tooth-to-tooth 
variation. Variations in residual stresses can be caused by non-
homogeneous chemistry and microstructure in the material as 
well as non-uniform furnace heating, carbon potential and 
quenching rates.

The residual stress in the lateral direction was also 
measured at a few locations on the unfi nished samples. 
The residual stresses were in all cases compressive and 
approximately equal to the residual stress measured in the 
longitudinal direction. This indicates a biaxial stress fi eld 
in which the normal stresses were approximately equal. No 
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Figure 6—Grind depth is the difference between the unfinished and fin-
ished tooth surfaces measured normal to the finished gear tooth surface.

Figure 4—Comparison of the measurement profiles of the finished and 
unfinished gears.

Figure 5—Comparison of the grind depth versus measurement radii for 
the three finished gears. 
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Figure 10—Longitudinal component of residual stress measured in gear 
Unfinished 2. Average = 150 ksi, Std. Dev. = ± 7 ksi.
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Table 2—Statistical properties of longitudinal 
residual stress measurements.

Gear

Average 
longitudinal

residual 
stress (ksi)

Standard 
deviation of 
longitudinal 

residual 
stress (ksi)

Unfi nished 1 185 ± 13

Unfi nished 2 150 ± 7

Finished 1 116 ±15

Finished 2 108 ±15

Finished 3 110 ± 22

Figure 7—(a) X-ray source and detector portion of TEC model 1600 diffractometer; (b) Unfinished 2 mounted in x-ray diffractometer.

Figure 8—An example sin2ψ plot used to determine the residual stress. The 
slope is proportional to the residual stress.

Figure 9—Longitudinal component of residual stress measured in gear 
Unfinished 1. Average = 185 ksi, Std. Dev. = ± 13 ksi.
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Figure 11—Tooth-to-tooth variation in the longitudinal residual stress mea-
sured at a radius of 3.244 inches and a lateral position of 0.315 inches. 
Average 160 ksi, Std. Dev. = ± 17 ksi.

Figure 12—The unfinished gears exhibited a biaxial stress state with equal 
lateral and longitudinal compressive stresses. 

Figure 14—Longitudinal component of residual stress measured in gear 
Finished 2. Average = 108 ksi, Std. Dev. = ± 15 ksi.

Figure 13—Longitudinal component of residual stress measured in gear 
Finished 1. Average = 116 ksi, Std. Dev. = ± 15 ksi.

Figure 16—The finished gears exhibited a biaxial stress state with non-
equal lateral and longitudinal compressive stresses. Data from gear Fin-
ished 1, tooth 1, lateral position 0.315 inch and radius of 3.244 inch.

Figure 15—Longitudinal component of residual stress measured in gear 
Finished 3. Average = 108 ksi, Std. Dev. = ± 22 ksi.
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shear stresses were measured. An example of the stress state 
for one of these points is shown in Figure 12.

Residual Stress Data for Finished Samples
The longitudinal residual stress measured on a randomly 

selected tooth on gears Finished 1, Finished 2 and Finished 
3 is shown in Figures 13, 14 and 15. A comparison of these 
fi gures with Figures 9 and 10 shows that the fi nished gears 
have more variation than the unfi nished gears. Table 2 gives 
the average and standard deviation of the longitudinal residual 
stress for each gear. The average longitudinal residual stress in 
the fi nished gears is approximately the same with a maximum 
difference of 8 ksi. The standard deviations of the data are 
approximately the same for gears Finished 1 and Finished 
2. The standard deviation of the longitudinal residual stress 
in Finished 3 is ± 22 ksi, which is considerably greater than 
that for Finished 1 (± 15) and Finished 2 (±15). This larger 
standard deviation is due in large part to the lower residual 
stresses measured at locations having a radius of 3.322" and 
3.283" (bottom two lines of data in Figure 15). These lower 
residual stresses are expected due to a larger amount of 
material having been removed at the tooth tip.

The residual stress in the lateral direction was also 
measured at a few locations on the fi nished samples. Unlike 
the unfi nished gears, the lateral residual stresses measured 
in the fi nished gears were different than those measured 
in the longitudinal direction. Figure 16 shows the stress 
state measured at a typical point. No shear stresses were 
measured.

Residual Stress Change versus Grind Depth 
for Gears Finished 1, 2 and 3

The eight residual stress measurements taken at each radial 
location were used to compute an average residual stress at 
each radius. These average residual stresses were then plotted 
on the same graph (different y-axes) with the grind depth. 
These plots are shown in Figures 17, 18 and 19. Note that 
the shape of the average residual stress curves is similar for 
gears Finished 1 and Finished 2, and grind depths are virtually 
identical.

However, the grind depth curves and the average residual 
stress curves have different shapes. The average residual 
stress curves have a negative slope and slight concave up 
appearance. The grind depth curves have a more concave 
down appearance. In contrast, the shapes of the average 
residual stress and grind depth curves for gear Finished 3 
are similar. This suggests that there is a stronger correlation 
between grind depth and average residual stress in Finished 3 
than there is in Finished 1 and Finished 2.

An analysis of the data presented in Figures 9, 10 and 11 
suggests that the average longitudinal residual stress on the 
teeth of the unfi nished gears is around 160 ksi. This is the 
average residual stress for the tooth-to-tooth data shown in 
Figure 11. Figure 9 and particularly Figure 10 also show that 
most of the measured residual stresses have limited variability. 
The change in residual stress due to the fi nish grinding was Figure 19—Average longitudinal residual stress and grind depth as a 

function of measurement radius for gear Finished 3.

Figure 17—Average longitudinal residual stress and grind depth as a 
function of measurement radius for gear Finished 1.

Figure 18—Average longitudinal residual stress and grind depth as a 
function of measurement radius for gear Finished 2.
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computed as the difference between 160 ksi and the average 
residual stress at each radial location in the fi nished gears. 
This change in residual stress was then plotted versus grind 
depth and is shown in Figures 20, 21 and 22 for the three 
fi nished gears.

In each of these fi gures the linear curve fi t is forced to pass 
through the origin so that at zero grind depth there is zero 
change in residual stress. Six of the eight data points for gear 
Finished 1 (Fig. 20) fall close to the linear line, which suggests 
a linear relationship between the change in residual stress and 
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Figure 20—Change in the longitudinal component of residual stress as a 
function of grind depth for gear Finished 1.

Figure 21—Change in the longitudinal component of residual stress as a 
function of grind depth for gear Finished 2.

grind depth. There is more scatter in the data for gear Finished 
2 (Fig. 21) and the linear relationship is not as evident. The 
data for Finished 3 (Fig. 22) also falls close to the linear line, 
which again suggests a linear relationship between the change 
in residual stress and grind depth.

Figure 23 is a composite graph that presents the change in 
residual stress versus grind depth data for all three of the fi nished 
gears. In this fi gure, 67% of the data shows good correlation 
with a linear relationship between change in residual stress and 
grind depth. 33% of the data points do not correlate as well with 
a linear relationship and suggest that at these locations there are 
other factors besides grind depth that are contributing to the 
change in residual stress. The equation for the linear regression 
line used to fi t the data in Figure 23 is:

∆σR = 3,990 ⋅ δ,
where ∆σR is the change in the longitudinal component of 

the residual stress in ksi and δ is the grind depth in inches. As 
an example application of this equation, the change in residual 
stress due to a grind depth of 0.008" would be 32 ksi. Using 
160 ksi as the initial residual stress in the unfi nished gear, the 
residual stress in the fi nished gear would be reduced to 128 
ksi. The applicability of this equation to gears other than the 
ones used in this study has not been established.

Conclusions
This paper presents the results of a study directed at 

measuring and quantifying the change in residual stress 
in carburized gears as a function of the amount of material 
removed during fi nish grinding. It is recognized that material 
removal is not the only mechanism by which residual stresses 
will change during the grinding process. Grinding itself will 
impose near surface residual stresses that could mask the 
effects of material removal. The data indicate that the grinding 
increased the variability in the residual stress measurements 
made on the fi nished gears as compared to the unfi nished 
gears. The grinding also created a difference between the 
lateral and longitudinal components of the residual stress.

The data suggest that a linear equation may describe 
the relationship between change in residual stress and grind 
depth. The word “suggest” is used because not all of the data 
are served well by a linear equation. Whether the relationship 
between grind depth and change in residual stress is linear 
or not, the data show that decreasing grind depth will 
result in higher compressive residual stresses. The higher 
residual stresses should yield an increase in strength, life 
and wear resistance. In the specimens used in this study, an 
average reduction of 40 ksi was observed in the longitudinal 
component of residual stress. This average value is associated 
with a grind depth of 0.009". A maximum reduction of 75 ksi 
was also observed at a grind depth of 0.018", which occurred 
at the tip of gear Finished 3.

A large number of measurements were made in this study 
to determine the variation of residual stresses on the surface 
prior to and after fi nish grinding. The fi nished gears exhibited 
more variation than did the unfi nished gears. As an example 
of the range of values that can exist, the longitudinal residual 
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Figure 22—Change in the longitudinal component of residual stress as a 
function of grind depth for gear Finished 3.
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stress component ranged from 62.6 ksi to 151 ksi for gear 
Finished 3, and from 173 ksi to 224 ksi for Unfi nished 1. 
Therefore, residual stresses should not be thought of as being 
the same at all locations on the surface of a tooth.
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