HEAT TREATING FOCU'S | —

Atmosphere vs.
Vacuum Carburizing

Gerald D. Lindell, Daniel H. Herring, David J. Breuer and Beth S. Matlock

Residual stress and microhardness data
are used to compare atmosphere and
vacuum carburizing of a low-alloy gear
steel, and the effects of high-pressure
gas quenching and post-heat treat
grinding and shot peening are investi-
gated.

Fig. 1 — These Twin Disc¢ transmissions in-
corporate 14 to 16 large gears like the one shown
above at right. The six-pitch helical gear is for
one of the three 205 mm (8 in.) clutch pack as-
semblies in a TD-61-1175 transmission (right).
The SAE 8620RH gear is carburized to 0.81
mm (0.032 in.) min. finished effective case depth
at 60 to 64 HRC surface hardness. The TD-61-
1175 transmission is used in airport crash-fire
vehicles. It’s rated at 400 kW (540 hp) at 2,300
max. rpm. The 26(0 series transmission, above,
is used in Versatile 1150 series tractors. It’s rated
at 520 kW (700 hp) at 2,200 max. rpm. Photos
courtesy Twin Disc Inc.

In recent years, improvements in the re-
liability of the vacuum carburizing process
have allowed its benefits to be realized in
high-volume, critical component manufac-
turing operations. The result: parts with en-
hanced hardness and mechanical properties.

The purpose of the study described in this
article was to investigate whether vacuum
carburizing could be used to improve fatigue
life. Fatigue is a major cause of gear failure,
where the primary failure modes are gear
tooth root bending and toth pitting

AISI 8620 Steel Studied
Twin Disc Inc. is a world-class supplier

of heavy-duty transmissions and related

equipment for off-road vehicles (Fig. 1).

Gears are an integral part of these assemblies,
and they are carburized to produce a hard,
fatigue-resistant case supported by a lower
strength, ductile core,

The manufacturing of high-quality trans-
mission gearing involves careful considera-
tion of a number of critical factors, including
component design, matenal, heat treatment,
and the influence of subsequent manufac-
turing operations such as shot peening and
grinding.

The methods used to compare the vacuum
and atmosphere carburizing processes in this
study were X-ray diffraction and microhard-
ness testing.

Coupons of AISI 8620 low-alloy steel were
heat treated using the different carburizing
methods and subjected to identical post-heat
treat grinding and shol peening operations,

X-ray diffraction was selected because it
can be used to measure residual stresses.
Residual stresses are additive with applied
stress, which makes their level an important
factor in fatgue-critical components such as
gears, Residual compressive stresses are de-
sirable because they oppose the applied,
repetitive, and undesirable tensile stresses
that cause fatigue failure. For gears, the areas
of most concern are the flanks. which are
subjected to contact loads that could cause
pitting fatigue, and the roots, which experi-
ence fensile bending fatigue loads.

The greater the magnitude and depth of
residual compressive stress, the greater the
ability to improve fatigue properties. To en-
hance resistance to fatigue crack initiation, it
is particularly important to have a higher
compressive stress level at the outer surface.
Also note that a deeper layer of compressive
stress provides resistance to fatigue crack
growth for a longer time than a shallower

layer.
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Carburizing process. Carburizing of a |
metal surface is a function of both the rate of |
carbon absorption into the steel and the dif- |
fusion of carbon away from the surface and |
into the interior of the part. Once a high con-
centration of carbon has developed at the sur-
face, during what is commonly called the
“boost stage.” the process normally intro-
duces a “diffuse stage.” where solid-state dif-
fusion occurs over time, This step results in a
change in the carbon concentration gradient
between the carbon-rich surface and the |
steel's interior, The result is a reduction of
carbon concentration at the surface of the part |
accompanied by an increase in the depth of
carbon absorption. 5

The carburization process also induces de- |
sirable residual compressive stresses through |
the case hardened layer. This stress state re-
sults from the delayed transformation and |
volume expansion of the carbon-enriched
surface of the steel. |

Atmosphere Carburizing :

In atmosphere carburizing, parts are |
heated 1o austenitizing temperature in a “neu- |
tral” or “carrier” gas atmosphere that con-
tains approximately 40% hydrogen (H,),
40% nitrogen (N,), and 20% carbon
monoxide (CO). Small percentages of carbon
dioxide (CO,, up 10 1.5%), water vapor (H,0,
up to 19%), and methane (CH,, up to 0.5%),
along with trace amounts of oxygen (O,).
also are present, The carburizing process also |
requires the addition of a hydrocarbon en-
riching gas, usually natural gas.

Of the 180 chemical equations that de- |
scribe the reactions occurring during atmos-
phere carburizing, one of the most important |
is the water-gas reaction:
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0, +H,—~H,0

(3)

These two reactions yield an alternate
form of the water-gas reaction:

CO+H,=[C]+H,0 )

Thus, the transfer of carbon in atmos- |
pheres containing CO and H, is connected |
with a transfer of oxygen, giving rise toan |
oxidation effect in steel containing oxide-

forming alloying elements such as silicon,
chromium and manganese. This phenom-
enon is known as internal or intergranular
oxidation of steel.

Figure 2 shows hardness profiles for an
atmosphere-carburized and oil-quenched
AlSI 8620 steel gear.

Atmosphere carburizing to a depth of 036 |

mm (0.014 in.) produced a hardness of 58

' HRC at both the gear tooth pitch line and
| root. From this depth. the hardness values

quickly diverge. The effective case depth (at
50 HRC) is 0.76 mm (0.030 in.) in the root

and 1.33 mm (0.0525 in.) at the pitch diam- |

" eter. These values are typical of the vast ma- |
- jority of carburized gears currently in service.

For resistance to bending fatigue, it is de-
sirable to achieve a deeper case in the root.

This produces a deeper level of high-hard- | Gerald D. Lindell

ness, high-strength material with the benefit
of residual compressive stress.
Vacuum Carburizing

rier gas” atmosphere, but instead uses |

vacuum pumps to remove the atmosphere | Dam—: H. I:Ilmlll::g s G Rea
1 I 18 president o errin, Lt e, localed in
from the chamber before the process begins. | ¢ At

. For carburizing to take place in a vacuum fur-

- nace, all that's needed is a small, controlled

CO+H,0=C0, +H, (1
Control of the atmosphere carburizing |
process is done by looking at the CO/CO, |
and H,O/M, ratios of this equation using in- |
struments such as dew point analyzers, in-
frared analyzers, and oxygen (carbon) probes, |

In atmospheres containing CO and H,, |

carbon transfer is dominated by the CO ad- |

sorption (ad) and the oxygen desorption re- ‘
actions: 5

CO -+ CO,, —[C]+0,, @)

addition of a hydrocarbon gas,

1
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Fig. 2 — Microhardness profiles at pitch line
and tooth root for an atmosphere-carburized
and oil-quenched AISI 8620 gear. For resis-
tance to bending fatigue, it is desirable to

| achieve a deeper case in the root.
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. Fig. 3 — Microhardness profiles at pitch line

and tooth root for a vacuum-carburized and oil-

- quenched AISI 8620 gear. The overall case
. depth of maximum hardness is deeper than that
| of the atmosphere-carburized part in Fig. 2.
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Twin Disc Inc., located in Racine, W1, Twin Disc

| manufactures complete transmissions as well as

Vacuum carburizing or low-pres o | power take-affs, clutches, couplings, torque con-

| burizing, by comparison, does not use a “car-

verters and components for marine, off-highway

| and industrial applications.

Elmhurst, IL. The Herring Group provides heat
treating and metallurgical services, including edu-
cation and training, consulting, product/process

| analysis and equipment diagnostics,

Unlike atmosphere carburizing, the |
breakdown of hydrocarbons in vacuum car- |

peating the boost and diffuse steps, any de-

achieved.
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tures between 790 and 1,040°C (1475 and |
1.900°F). Hydrocarbon gases currently being
used for vacuum carburizing are acetylene
(C,H,), propane (C;H,), and, to a lesser de- |
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Fig. 4 — Microhardness profiles at pitch line

and tooth root for a vacuum carburized and
high-pressure gas quenched AISI 8620 steel
gear. Use of gas quenching instead of oil
quenching (Fig. 3) results in a more uniform
case depth between pitch line and root.

used because it is nearly nonreactive at these

low pressures, unless the temperature is at or

above 1,040°C (1,900°F).

Carbon is delivered to the steel surface in |
vacuum carburizing via reactions such as |

i these:

C,H,-+2C+H, (5) |
CH; = CH,+ C,H,—~ C + 2CH, (6)
i CGH,—~C+CH,

In the past, propane has been the pnimary |
hydrocarbon gas used for vacuum carbu- |

rizing: however, propane dissociation occurs
before the gas comes in contact with the sur-

face of the steel, thus producing free carbon or |
soot, This uncontrolled soot formation results
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gree, ethylene (C,H,). Methane (CH,) is not |

in poor carbon transfer to the part and loss of
up-time productivity due to the need for ad-
ditional heat treat equipment maintenance.
Development work done in the past few
years has demonstrated that acetylene is a
good performing gas for vacuum carburizing.
This is because the chemistry of acetylene
(Eqg. 5) is vastly different from that of propane
or ethylene (Eq. 6 and 7). Dissociation of

. acetylene delivers two carbon atoms to the

one produced by dissociation of either
propane or ethylene and avoids formation of
nonreactive methane.

Control of the vacuum carbunizing process
is on a time basis. Carbon transfer rates are a
function of temperature, gas pressure, and
gas flow rate. Simulation programs have been
written (o determine the boost and diffuse
times of the cycle.

Figure 3 shows hardness profiles for a
vacuum-carburized and oil-quenched AlSI
8620 steel gear.

The overall case depth of maximum hard-
ness for the vacuum carburized part is no-
ticeably deeper than that of the atmosphere
carburized part in Fig. 2. The vacuum car-
burized case depth of approximately (.81 mm

¢ (0.032 in.) at 58 HRC is more than double
. that obtained with atmosphere carburizing,
. while the effective case depths (depth at 50

HRC) are similar. Also note the much greater
consistency in root and pitch line hardnesses
through a depth of 0.81 mm (0,032 in.) for
vacuum carburizing vs. atmosphere carbu-

rizing (Fig. 3 vs. Fig. 2).

The hardness profiles shown in Fig. 4 are
for an AISI 8620 steel gear that has been
vacuum carburized and then high-pressure

Fig. 5 — Typical S-N curve, or plot of (tensile) stress, S, vs. number of load cycles, N. The pri- |
mary purpose of shot peening gears is to enhance their fatigue life by inducing a high residual com- |
pressive stress at the surface of the tooth roots. Shot peening is most effective for parts subjectto
high-cycle fatigue loading (>1{V to 1P cycles). :

Table 1 — Test coupon manufacturing processes gas quenched in 20-bar nitrogen.
| A comparison of Figures 3 and 4 shows
Coupon ] Process A comy f Figures 3 and 4 shc

1 EX2470 Vacuum carburize (VC) that use of high-pressure gas quenching in-
2 EX2470-1 Vacuum carburize and shot peen (VC&SP) stead of oil quenching in vacuum carburizing
3 %470-2 ” Atmusghere ca:ibu:ze (AC) ACASH) results in a more uniform case depth between
4 470-3 tmosphere carburize and shot peen FULELL oo e b =30 45, S -
5 EX2470-4 Vacuum carburize and dual shot peen (VC&DSP) gear pitch line and root. The sbacnce of a

i vapor layer in gas quenching results in a more

Table 2 — Test parameters for atmosphere and vacuum carburized coupons uniform cooling rate along the gear tooth and
Parameter Atmosphere Vacuum root profile.
Temperature, °C (°F) 940 (1,725) 940 (1,725) Test Procedure Outlined
Boost time, min 300 32 The following procedure was used to
Diffusion time, min 120 314 properly evaluate the effect of different heat
Hardening temperature, °C (°F) 845 (1,550) 845 (1,550) iivaenis s vk bt Uiamie R
Quenching method Oil at 60°C (140°F) Nitrogen gas at 20 bar M AR e
Tempering temperature, °C (°F) 175 (350) 175 (350) | on residual stress in coupons of AISI 8620
Tempering time, h 2 2 low-alloy gear steel.
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* Five coupons from the same heat lot of
AISI 8620 were cut to size: 76 X 19X 13
mm, = 0.05 mm (3.00 X 0.75 X 0.505 in., £
0.002 in.). The coupons were stamped, and

a separate manufacturing process was de- |

fined for each (Table 1),

* Coupons were sent out for heat treat-
ment—yvacuum or atmosphere carburizing—
according to the parameters in Table 2. The
required surface hardness was 59 1o 61 HRC.
Vacuum carburized coupons were nitrogen
gas quenched. while atmosphere carburized
coupons were oil quenched.

* Heat treated coupons were ground to
12.7 mm £ 0.013 mm (0.5000 in. £ 0.0005
in.), removing no more than 0,15 mm (0.006

in.) from the nonstamped side where X-ray |

diffraction was to take place.
* Three of the five coupons were sent out
for shot peening.
* All five coupons were sent out for X-ray
diffraction on the nonstamped side.
Shot Peening's Benefits

The primary purpose of shot peening |
gears is to enhance their fatigue life by in- |

ducing a high residual compressive stress at
the surface of the tooth roots. Shot peening

is most effective for parts subject to high- |

cycle fatigue loading.

A basic explanation is provided by the
graph in Fig. 5, a typical 5-N curve. It plots
(tensile) stress, S, vs. the number of load cy-

cles, N. It is important to note that the ver- |

tical scale is linear. whereas the horizontal
scale is logarithmic. This means that as tensile
stress is reduced, fatigue life improves expo-
nentially. A reduction of stress from 760 MPa
{110 ksi) 1o 485 MPa (70 ksi) results in an
improvement in fatigue life from 40,000 cy-
cles to 160,000 cycles (400%). Additional

HEAT TREATING FOCUS
Shot peening results in a residual com-
pressive stress at the surface—where most

fatigue cracks initiate—that is approximately

55 to 60% of the material’s ultimate tensile
strength. For carbunized gears, the surface

compression is typically 1,170 to 1,725 MPa |
(170 10 250 ksi), which results in a signifi- |

cant improvement in fatigue properties.
Grinding Often Overlooked
The grinding process is applied to com-
ponents so often and in so many forms (au-
tomatic, manual, with and without coolant)
that it is often overlooked from a residual
stress standpoint. However, its influence

should not be discounted, especially when |

dealing with fatigue-critical parts.
During grinding, residual tensile stress

| may be created from generation of excessive,
localized heat. The localized surface area |

reductions in tensile stress result in signifi- |

cantly more fatigue enhancement. At 415
MPa (60 ksi), for example, the anticipated
fatigue life is approximately 400,000 cycles.

The residual compressive stresses pro-
duced by shot peening counteract applied
tensile stresses. The compressive stresses are
induced by impacts of small, spherical media

(shot). The impact of each individual shot |
| Fig. 7— Residual stress distributions in the three carburized, ground, and shot peened coupons
(Coupons 2, 4, and 5) of AISI 8620. Each boasts a solid layer of compression that implies excel-
lent resistance to initiation and growth of fatigue cracks. Note that the residual stress curve for dual-

skt ol ; | peened Coupon 5 is ~0.025 to 0.05 mm (0.001 to 0.002 in.) deeper than those for the single-shot-
en place, it is left in a permanent com- | oy

stretches the surface enough to yield it in ten-
sion. Because the surface cannot fully restore
itself due to the mechanical yielding that has

being ground heats from friction and attempts

to expand, but can't because it is surrounded |

by cooler, stronger metal. If the temperature
generated from grinding is high enough,
however, the metal yields in compression due
to the resistance to its expansion and reduced
mechanical properties at elevated tempera-
ture. Upon cooling, the yielded material at-
templts to contract. The surrounding material

resists this contraction, thus creating residual |

tenalle stress. Because heat is the major cause. | atmosphere carburized and oil quenched

of residual tensile stress from grinding, the

X-Ray Diffraction Measures Stresses

X-ray diffraction was used to measure the
residual stresses at surface and subsurface lo-
cations. The technique measures strain by
measuring changes in atomic distances. It is
a direct, self-calibrating method that meas-
ures tensile, compressive, and neutral strains
equally well. Strains are converted o stresses
by multiplying by elastic constants appro-
priate for the alloy and atomic planes meas-
ured.

For this study, chromium Ke radiation
was used to diffract the (211) planes at ap-
proximately 156° 26, The area measured was
nominally 4 mm (0.16") in diameter. Since
only a few atomic layers are measured, the
technique is considered a surface analysis
technique. The subsurface measurements
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Fig. 6 — Microhardness profiles for vacuum
carburized and gas quenched (Coupon I) and

| (Coupon 3) AISI 8620 steel coupons. A major

importance of coolant for controlling these | advantage of vacuum carburizing is a deeper
stresses is paramount. case of high hardness.
0 I
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Table 3

Property _
Depth to 58 HRC, mm (in.)
Surface hardness before grinding, HRC

Comparison of atmosphere and vacuum carburizing results

Surface hardness after removal of 0.1 mm (0.004 in.)

stock by grinding, HRC

Atmosphere Vacuum
0.20 (0.008) 0.58 (0.023)
59 60
58 62

were made by electrochemically removing |

small amounts of material. These subsurface
measurements were subsequently corrected

for stress gradient and layer removal effects |

using standard analytical calculations.
Comparing the Processes

Hardness profiles for vacuum carburized |
(Coupon 1) and atmosphere carburized |
(Coupon 3) AISI 8620 steel coupons are |
compared in Fig, 6. A major advantage of |
vacuum carburizing over atmosphere car- |
burizing is a deeper case of high hardness. |

Hardness values for the two carburizing

processes are given in Table 3.
Effect of peening. Residual stress distri-

butions in the three carburized, ground, and |
shot peened coupons—Coupons 2,4, and 5 |

—are plotted in Fig. 7.

From a fatigue standpoint, the solid layer |
of compression demonstrated for all three |
coupons implies excellent resistance to ini- |

tiation and growth of fatigue cracks. The ten-

sile stress required for a fatigue crack to de- |
velop must first overcome compressive |
stresses that are approximately 1,035 MPa
(150 ksi) at the surface and approximately
1,515 MPa (220 ksi) at 0.05 mm (0.002 in.) |
below the surface. A tensile stress of 1,035 |
MPa (150 ksi) will produce a net stress of 0 |
MPa (0 ksi) at the surface when added to the |

residual compressive stress,

Coupons 2 and 4 were shot peened at an
Almen intensity of 14 to 16. (Almen inten-
sity is a measure of the energy of the shot
stream.) The steel shot had a hardness of 55 to

62 HRC and a nominal diameter of 0,58 mm |

(0.023 in.).
The residual stress curves in Fig. 7 have

shapes typical of shot peened material. All |

three have a similar maximum compressive

This value is approximately 55 to 60% of the |

steel’s ultimate tensile strength at the surface,

Because all three coupons were hardened to |
59-62 HRC, they also had similar tensile |

strengths (at the surface).

The depth of the compressive stress layer |

is a function of the Almen intensity. It can be
increased by increasing shot size and/or ve-
locity. The depth is the location where the

residual stress vs. depth curves would cross |
. the neutral axis (into tension) if the positively |
- sloped lines were extended. A greater depth |

of compression is desired because this layer
is what resists fatigue erack growth. Coupons
2 and 4 were shot peened 1o the same inten-

sity, so that the depth of their compressive |

stress layers is also essentially the same at
approximately 0.18 to 0.20 mm (0.007 to
0.008"),

Dual peening. The trade-off to increasing !

shot peening intensity is that there is addi-
tional cold work and material displacement
at the point of shot impact. This generally re-
sults in less compression right at the surface
(depth = 0) and a more aggressive surface
finish.

Dual peening is performed to make up
for the reduced compression resulting from

high-intensity peening. The technique con-
sists of shot peening the same surface twice— |

peening at a higher intensity is followed by
peening at a lower intensity, usually with
smaller media. The second peening reduces
the degree of cold work at the surface, im-

proving the surface finish, which, in turn, |

makes the surface more compressed.
Coupon 5 was dual peened. The process
specified MI-230H shot at 18 to 20 Almen
followed by MI-110H shot at 8 to 10 Almen.
The residual stress curve for this coupon (Fig.
7) is approximately 0.025 to 0.05 mm (0.001

to 0.002") deeper than the curves for the |
coupons single shot peened at 14 10 16 Almen |

using MI-230H shot.

This would be expected for a carburized
gear steel. The surface stress of Coupon 5 (at |
stress of approximately 1,515 MPa (220 ksi). _E depth = 0) is the same as that of the other two
shot peened coupons. What most likely oc-
curred is that it was less compressed after the |

first peening step. When the second was per-
formed, the surface became even more com-

| pressed, to the approximately 930 MPa (135
ksi) level shown in Fig. 7. Therefore, Coupon |
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5 would be expected to have the best fatigue
‘ performance of the three because it has the
| most compressive stress throughout its depth.
- This is particularly evident between 0.08 and
¢ 0.20 mm (0.003 and 0.008") below the sur-

' face. At0.10 mm (0.004") below the surface,

- for example, there is still 1,380 MPa (200
- ksi) of compression for Coupon 5, compared
' with 1,170 MPa (170 ksi) for Coupon 4 and
1,000 MPa (145 ksi) for Coupon 2.

Effect of grinding. Testing of coupons
that had been ground gave unexpected results
| that required further investigation. All
i coupons were ground at the same time.
. Grinding was performed using a wheel that
had coolant flow. The operator was instructed
to remove no more than 0,025 mm (0.001")
of stock per pass, for a total of 0.10 mm
{ (0.004") of material removed from each
coupon. This appeared to be acceptable
grinding practice, and little thought was given
to the technique prior to testing.

X-ray diffraction measurements indicated
that tensile stresses existed on the surface of
the vacuum carburized coupon (Coupon 1)
as high as 255 MPa (37 ksi) at 0.013 mm
(0.0005") below the surface, At a depth of
. approximately 0.10 mm (0.004"), the values
crossed the neutral axis into compression.
| These results were immediately questioned,
However, retesting at several locations using
. X-ray diffraction verified that the original
values were correct.

The explanation lies in the fact that addi-
tional heat was generated when grinding
vacuum carburized Coupon 1. The coupon
was | HRC point harder at the surface and 4
HRC points higher after 0,10 mm (0.004")
| of stock removal. These values are higher
: than those for the atmosphere carburized
. specimen (Coupon 3). Additional heat from

{ an increase in friction resulted in the genera-
i tion of residual tensile stresses on the vacuum
| carburized coupon.

This is an excellent example of why it is
important to carefully evaluate the amount
. of heat generated when grinding fatigue-crit-
ical parts. It also demonstrates that X-ray dif-
i fraction is an excellent ool for determining
| the residual stress state of components be-
i fore they enter service.

Test Results Reviewed
This study compared atmosphere and
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vacuum carburizing of AISI 8620 gear steel
and evaluated the influence of the subsequent
manufacturing operations of shot peening
and gninding. The primary goal of the study
was to determine which carbunizing process
was more suitable for heavy-duty transmis-
sion gears. Gears are subject to both sliding
and rolling contact stresses on their flanks in
addition to bending stresses in tooth roots.
To meet these demanding performance cri-
teria, the steel gears ideally would be hard-
ened for strength and contact properties and

for bending fatigue resistance.

We concluded that vacuum carburizing is
superior to atmosphere carburizing for heat
treating heavy-duty transmission gears, and
enjoys the following advantages:

* Higher hardness: In the coupons tested
with X-ray diffraction. the surface. before
grinding, was 1 HRC point higher (60 vs. 59
HRC); the subsurface, after 0.10 mm (0.004")
stock removal, was 4 HRC points higher (62
vs. 58 HRC).

* Greater depth of high hardness, = 58
HRC: In the coupons tested with X-ray dif-
fraction, 58 HRC depths were 0.58 mm
(0.023") for vacuum carburizing and 0.20
mm (0.008") for atmosphere carburizing.

» Greater depth of high hardness, = 58
HRC, at the pitch line and root of actual
gears: 58 HRC depths were 0.81 mm
(0.032") for vacuum carburizing and (.38
mm (0.015") for atmosphere carburizing,

* Deeper effective case in tooth root of ac-
tual gears: Vacuum, 1.0 mm (0.040%); at-
mosphere, 0.699 mm (0.0275").

» Higher surface residual compression
(determined by X-ray diffraction of coupons
without shot peening or grinding): Vacuum,
135 MPa (19.6 ksi): atmosphere, 98 MPa
(14.2 ksi).

* Improved consistency between the case
layer at the pitch line of the gear flank and
gear rots (actual gears): Vacuum, 0.28 mm
(0.011") variation; atmosphere, 0.648 mm
(0.0255") vaniation.

Shot peening. The vacuum carburized
and atmosphere carburized surfaces re-
sponded equally to shot peening:

* Maximum compressive stress: approxi-
mately 1,515 MPa (220 ksi).

» Compressive layer depth: approximately

HEAT TREATING FOCUS

| 0.18 10 0.20 mm (0.007 1o 0.008").

Dual shot peening at first a higher and then
a lower intensity resulted in a greater depth
of compression by approximately 0.025 to
0.05 mm (0.001 1o 0.002"), The surface stress
of the dual-peened coupon was very similar, at

approximately 930 MPa (135 ksi), to that of |

the conventionally shot peened coupons. The
higher-intensity first peen would have pro-

duced a less compressed surface, but the |

second, lower-intensity peen would have re-
stored compressive stress to the approximately

have residual compressive surface stresses | 930 MPa (135 ksi) level. The dual-peened |

coupon should have significantly better high-
cycle fatigue properties than the single-peened
coupons.

Fatigue. In terms of fatigue performance,
the additional 34.5 MPa (5 ksi) of compres-
sion measured for the vacuum carburized
coupon (not shot peened or ground) should
yield significant increases in gear life under
high-cycle fatigue loading, compared with
that for the atmosphere carburized coupon.

The study also served as an excellent re-

minder of the importance of understanding |

how all manufacturing processes may affect
residual stresses and, consequently, fatigue

performance. Actual gears must now be tested |
to ensure that changes to the manufacturing |

process—involving material, part geometry,
heat treatment, shot peening, and/or grinding
—will have the same effects in production as
those observed in this study.
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