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Abstract : To prevent the reduction of fatigue strength in carburized products due to a sudden temperature
increase, the surface characteristics and fatigue limits of specimens that underwent double shot peening
(DSP) after tempering at 573 K were evaluated, as well as those of specimens that were tempered at 573 K
after DSP. Additionally, the harmless crack size was derived using the compressive residual stresses by
DSP. The surface hardness of the specimens by DSP after tempering at 573 K was 31~40 HV higher than
that of the specimens tempered at 573 K after DSP. The maximum compressive residual stress of the
specimens tempered at 573 K after DSP was 542 MPa lower than that of the specimens by DSP after
tempering at 573 K. The fatigue limit of the specimens by DSP after tempering at 573 K was improved by
30% compared to those tempered at 573 K after DSP. The harmless crack size could evaluated using
residual stress, fatigue limit and threshold stress intensity factor.

Key Words : Carburizing, Retained Austenite, Shot Peening, Residual Stress, Fatigue Llimit, Harmless
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1. Introduction

Commercial vehicles
low fuel

conservation and the sharp rise in fossil fuel prices.

are urgently required to
achieve consumption due to resource
One method to achieve this is by reducing the
weight of the vehicle, with a particular emphasis on
decreasing the inertial mass of moving components.
To lighten the constituent parts, it is necessary to
enhance the fatigue limit. The fatigue limit can be
improved through the following methods:” To

prevent the occurrence of fatigue crack initiation in
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Stage 1” the yield strength of the components, or
hardness, should be maximized. Reducing the grain
size can help shorten the crack propagation distance
in Stage 1 and increase the yield strength. To
suppress the crack propagation in Stage II, deep
compressive residual stresses should be introduced
as much as possible.

These

springs,” metal bellows4), and gears,” resulting in a

methods have been applied to coil
significant increase in fatigue limits and contributing
to practical applications. However, carburized gears
heat

can experience softening due to frictional

between the tooth surfaces, which can lead to
bending fatigue failure occurring from the tooth
flank or the root area, known as surface fatigue
Additionally, it has

carburized steel exhibits phase transformation due to

failure. been reported that

temperature increases, which significantly reduces
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hardness and compressive residual stress.® As a
method to enhance fatigue strength, Double shot
peening (DSP) was performed after tempering at
medium temperatures.

This study was performing DSP on carburized
SCM822H  steel

middle temperatures, followed by an evaluation of

before and after tempering at

the surface characteristics and bending fatigue limits.
Additionally,

compressive residual stresses was assessed.

the harmless crack size due to

2. Experimental method

2.1 Material and surface modification method

The material used is SCM822H, an alloy steel for
mechanical structures. Table 1 shows the chemical
composition of the material. The specimen shape
(shape factor a=1.56) is shown in Fig. 1. The gas
carburizing quenching tempering specimens (GCT)
were carburized at 1,203 K for 4 hours, followed by
oil quenching (Q), and tempered at 433 K for 2
hours. Subsequently, middle temperature tempering
was conducted at 573 K for 2 hours, followed by
DSP under the conditions shown in Table 2.

The combinations of surface modification methods
applied to each specimen are shown in Table 3. The
base metal specimen (BM) is the GCT specimen,
GCT1 is the specimen that done DSP on the BM.
GCT2 is the specimen that was tempered at 573 K
on the BM and then done DSP. GCT3
specimen that done DSP on the BM followed by

is the

tempering at 573 K.

$15

Fig. 1 Shape of specimen (unit : mm)

Table 1 Chemical compositions of used steel

(mass%)

C Si |[Mn| Cr | Mo | P S | Cu | Ni

0.2210.27(0.74 | 1.09 | 0.36 [0.014/0.010( 0.17 | 0.06

Table 2 DSP condition

First peening [Second peening
Peening machine Direct air pressure type
Shot diameter $0.6 mm $0.08 mm
Air pressure 292 kPa 196kPa
Shot hardness 700 HV
Arc height 025 mm | 030 mm
Table 3 Surface refining method
573 K | Double
Speci. (Carburizing tempering| shot tefn73er1§1
No. (GCT) before | peenng ft P DSIg’
DSP | (Dsp) |Mf
BM @)
GCT1 o @)
GCT2 @) O O
GCT3 @) @) O
2.2 Evaluation method of surface
characteristics
Before experiment, the hardness distribution,

amount of retained austenite (v;), and residual
stress (0,) in the depth direction of the notch area
were measured. The hardness measurements were
conducted using a Vickers hardness tester with an
indentation load of 2.9 kN. v, was obtained from
the XRD data using the maximum values of 26 for
each phase.”® Residual stresses were measured in

the depth direction using the hole drilling method.

2.3 Bending fatigue test method

Bending fatigue tests were conducted using a
rotating bending fatigue testing machine of Ono
type (Maximum bending moment 15 Nm). The
applied stress was calculated by multiplying the
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nominal stress at the notch section by the shape
factor a=1.56. The fatigue limit was defined as the
maximum stress amplitude that could withstand for

107 loading cycles.

2.4 Evaluation of harmless crack size

The evaluation specimens are subjected to
bending stress with a stress ratio of R=1, as shown
in Fig. 2, with a width of W=100 mm and a
thickness of t=10 mm. The specimens feature a
semi-elliptical surface crack characterized by a crack
depth (a) and crack length (2¢) with a crack aspect
ratio (As=a/c) of 1.0. The crack depth and crack

surface are denoted as A and C, respectively.

Ejl

10
Fig. 2 Schematic diagram of a finite plate with

electric discharge machining crack

3. Results and Discussion

3.1 Effect of phase transformation on hardness

The surface carbon content of the GCT specimen
was 0.83 mass%. Fig. 3 shows the distribution of
vr content for BM, GCT1, GCT2, and GCT3
specimens. The surface 7, content (¢ of the BM
was 17%, which decreased to 3.1% for the GCTI1
specimen. This reduction indicates that 81.8% of
Vrs Was

martensite due to the DSP. 7,y in the GCT2 and

transformed into deformation induced

GCT3 specimens tempered at 573 K decreased to
1.5% and 1.7%, respectively. This indicates that -y,
transformed into bainite in the temperature range of
503~543 K. This significant change highlights the
effect of surface modification techniques on the
microstructural

properties of the specimens,
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ultimately influencing their mechanical behavior.

Fig. 4 shows the hardness distribution near the
surface of each specimen. The surface hardness
(depth 0.01 mm) of the BM, GCT1, GCT2, and
GCT3 specimens was 695, 930, 676, and 707 HV,
respectively. The hardness of the GCT1 specimen is
235 HV higher than that of the BM. This is
attributed to the combined effects of the deformation
induced martensite transformation of 7, and the
work hardening by DSP. When
comparing the hardness of the GCT2 and GCT3
specimens tempered at 573 K, the GCT3 specimen
showed a hardness that was 31 HV higher.

conventional

300 . ‘ -
DDD Bg

S 25t o 1

' [} DA

g 0 - Ug ]

N

& IO =

& 151 A ]

L

E A O BM

= 10 /A GCT1

> A /- GCT2

=50 A & GCT3
0%. SO S Yo tav e ¢ 1

0 50 100 150 200 250 300

Depth from surface (pm)

Fig. 3 Volume fraction of retained austenite

1000 iy T T T ™
-0O-BM
900 ?% ~/\-GCT1 |
g 7 GCT2
& GCT3
800 ]
é’ VAN
£ 700 xh R g
5 8ABD
m]
> L
E 600 3 O -
&
2 500 ., ]
B0-pg g
400 &

0.0 0.5 1.0 15 2.0
Depth from surface (mm)

Fig. 4 Distribution of Vickers hardness



Seo—Hyun Yun and Jung—Kyu Lee

3.2 Distribution of residual stress

Fig. 5 shows the distribution of residual stress for
each specimen. The surface compressive residual
stress (o0,,) for the BM, GCT1, GCT2, and GCT3

specimens were 36 MPa, 1343 MPa, 1023 MPa, and
462 MPa, respectively. GCT3 showed a low o,

because surface plastic flow remained. The

maximum compressive residual stress (o,,,.) Wwas

rmax
determined considering the depth of fatigue cracks
at Stage I of high-strength steels and the depth of
fatigue cracks of the transition stage from Stage I to
Stage II. Thst is, approximately 3 grain sizes

is a maximum value. o for

rmax

the GCT1, GCT2, and GCT3 specimens were 1489
MPa, 1034 MPa, and 492 MPa, respectively. The

(around 60 pm)

depths for o were 9 um, 15 um, and 14 pm,

rTmax

indicating that o were introduced at nearly the

rmax

surface, within one grain size (about 20 um).
Naturally, considering the temperature rise up to 573
K during operation, the GCT2 specimen, which
done DSP after tempering at 573 K, exhibited a
O.max Of 542 MPa, which is higher than that of the

GCT3

with its elevated compressive residual stress, is

specimen. Therefore, the GCT2 specimen,

expected to show an improvement in fatigue limit

compared to the GCT3 specimen.
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Fig. 5 Distribution of residual stress

3.3 Fatigue limit

The S-N curves for the GCT1, GCT2, and GCT3
specimens are shown in Fig. 6. The bending fatigue
limit for BM was 827 MPa.

However, the bending fatigue limit for the GCT1
specimen, which done after GCT, was significantly
higher at 1,732 MPa. Considering the temperature
rise to 573 K during operation, the bending fatigue
limit for the GCT3 specimen was 1,045 MPa. In
comparison, the bending fatigue limit for the GCT2
specimen, which done DSP after tempering at 573
K, was 1,357 MPa. This indicates that the bending
fatigue limit of the GCT2 specimen is 30% higher
than that of the GCT3 specimen.

Considering the temperature rise during operation,
the differences in surface properties between the
specimens that were tempered again at 573 K and
those that were not were minimal. Therefore, to
prevent bending fatigue failure of gears due to
unexpected temperature increases during operation,
the GCT2 DSP

tempering at 573 K, can be deemed effective.

specimen, which done after

Table 4 provides a comprehensive summary of
the surface properties and fatigue limits obtained
from the experiments. This shows surface hardness,
maximum residual stress, yield stress, and bending
fatigue limit for the various specimens (BM, GCTI1,
GCT2, and GCT3). The data presented in Table 4
facilitates a clear comparison of how different

surface modification techniques and treatments

2500 i A
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N%# ]
1000 | M |
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Fig. 6 S-N curves of GCT specimens
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Table 4 Refined surface characteristics and fatigue

limit of GCT specimens

Speci. | Hardness oy O max T
No. (HV) (MPa) (MPa) (MPa)
BM 440 958 - 827

GCT1 930 2,888 1,489 1,732
GCT2 676 2,099 1,034 1,357
GCT3 707 2,196 492 1,045

influence the mechanical performance and durability
of the specimens, highlighting the effectiveness of
the DSP treatment in enhancing both surface

characteristics and fatigue resistance.

3.4 Evaluation of harmless crack size (a,,)

Fig. 7(a)~(c) shows the relationship between
AKy and AK,, as a function of crack depth (a)

for the GCT1, GCT2, and GCT3 specimens with a

crack aspect ratio of As=1.0. AKj, corresponding to

crack length was evaluated using Eq. (1) when a
semi-elliptical surface crack in a finite plate is

subjected to bending stress with a stress ratio R.”
AK,

2 —1
— 97 a 1T th (1)
AK,, =24A0, 4/ —cos {8[32(1 2o, ) +1} } (D

Where Ao, is the fatigue limit of BM at 827

MPa, and AKX, is the threshold stress intensity

factor for long crack, given as 6.52 MPa Vm. ais
the semi-elliptical crack depth, while 3 is the shape
correction factor from the Newman-Raju equation'®
in the crack depth and surface in the case of a
finite plate subjected to bending fatigue stress.
AKy, is the sum of AK calculated using the
Newman-Raju equation and X obtained from Eq.
(2) of the compressive residual stress. The applied
stress used in calculating AA is the fatigue limit
(0,) of each specimen listed in Table 4.

Additionally, the evaluation of A used the residual

stresses shown in Fig. 5 for each specimen.'’
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Where Gy~ G, are the shape correction
coefficients for the stress intensity factor according
to API-RP579. a and c represent the depth and
surface  length of the semi-elliptical crack,
respectively. W and t represent the plate width and
plate thickness, respectively. o, ~ o, are coefficients
obtained from the residual stress distribution using
the fourth-order polynomial.

ay,, by DSP is determined by Eq. (3). That is,
ay,, 18 determined the smaller crack size in the

crack depth and the surface crack. In Fig. 7, all

ay,,, is shown as @ at the intersection points of

AK,(,) and

AKy, for AK,, (.
AKTr = AKHI(S) <3)

Since the hardness of BM before GCT used in
this study is 440 HV, a threshold stress intensity
factor of 6.52 MPay/m was applied.'?

(@ In GCTI, the intersection point of AKX,
and AK; was obtained at depth A, and a,, is a
crack depth of 0.094 mm. (b) In GCT2, the
intersection point was first obtained at surface C,
crack of 0.185 mm.

and a,,, 1s a surface

Meanwhile, (¢c) In GCT3, the intersection point at
depth A (0.036 mm) and surface C (0.037 mm)
were identical, in almost no

nearly resulting

difference in a,,,. This means that cracks smaller

than aj,, can be rendered harmless by DSP.

4. Conclusions

To prevent the reduction on fatigue limit of
carburized products due to a sudden temperature rise
during operation, specimens were prepared which
done DSP after tempering at a middle temperature
of 573 K. The surface characteristics and fatigue

limits of these specimens and specimens tempered at

573 K after DSP were evaluated. Additionally, the

harmless crack size was detemined using the
compressive residual stresses by DSP. The obtained
results are as follows.

1) GCT1 and GCT3 specimens were compared to
surface characteristics. It is presumed that middle
temperature tempering thing in which surface
characteristics remain largely unaffected, even if the
temperature  rises surface
hardness of the GCT3 specimen was 31 to 40 HV
lower than that of the GCT2

to be due

during operation. The

specimen. This
difference is to phase

DSP and

suspected
transformations occurring during the
subsequent tempering process at 573 K.

2) The maximum compressive residual stress of
the GCT2 specimen was 542 MPa higher than that
of the GCT3 specimen. Additionally, the fatigue
limit of the GCT2 specimen was improved by 30%
compared to the GCT3 specimen.

3) The harmless crack size (a,,,) of the GCTI
specimen was a crack depth of 0.094 mm. For the
GCT2 specimen, the intersection point was obtained
at the surface (C), with a harmless surface crack
In the case of the GCT3
specimen, the intersection point was nearly identical
at both depth A (0.036 mm) and surface C (0.037
mm). Based on the fatigue limit of BM, the fatigue

size of 0.185 mm.

limit of the peened material, and compressive

residual stress, «;,, can be evaluated.
4) It means that cracks smaller than a;,, can be

rendered harmless by DSP. In other words, cracks

with a size equal to or less than a,,,; will not lead

to fatigue failure by DSP, and the material can

remain in a safe operational state.
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