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Abstract This paper reports the results of an experimental examination using X-rays to test annealing materials for lapped
bearing steel (STB2), to confirm the validity of the weighted averaging analysis method. The distribution behavior for the
a, —sin*) diagram and the presence or absence of differences in the peak method, half-value breadth method, and centroid

method were investigated. When lapping the annealed bearing steel (STB2) material, a residual stress state with a non-direc-
tional steep gradient appeared in the surface layer, and it was found that the weighted averaging analysis method was effective.

If there is a steep stress gradient, the sin®y diagram is curved and the diffraction intensity distribution curve becomes asym-
metric, resulting in a difference between the peak method, half-value breadth method, and centroid method. This phenomenon
was evident when the stress gradient was more than 2~3 kg/mm?*um. In this case, if the position of the diffraction line is
determined using the centroid method and the weighted averaging analysis method is applied, the stress value on the surface and
the stress gradient under the surface can be obtained more accurately. When the stress gradient becomes a problem, since the

curvature of the sin%y diagram appears clearly in the region of sin’) > 0.5, it is necessary to increase the inclination angle 1 as
much as possible. In the case of a lapping layer, a more accurate value can be obtained by considering o, in the weighted

averaging analysis method. In an isotropic biaxial residual stress state, the presence or absence of o, can be determined as the

presence or absence of strain for sin®y ~ 0.4
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Fig. 1. Relationship between stress (strain) such as principal stress,
sample surface, normal direction of surface, and coordinate axes.
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Table 1. Lapping conditions of this experiment.

Lapping method Plane lapping
Lapping compound GC #600
Lapping speed 0.44 m/sec
Lapping pressure 0.15 kg/em®
Lapping time 30 min.
Lapping fluid Machine oil
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Table 2. X-ray measurement conditions used in this experiment.

Characteristic X-ray OrK,

Tube voltage & current 35kVP, 9 mA
Diffraction plane Fe (211)
Diffraction angle 20 = 126°

Measuring method Side inclination, Para-focusing

Counting method 1 min. fixed time

Irradicated area ~1.5 x 3 mm?

Half maximum

Intensity

o I + N Centroid
- a

Back ground

Diffraction angle (28)

Fig. 2. Three methods used to determine the location of diffraction
lines.
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Fig. 3. sin) diagram of STB2 annealed at 850 °C for 30 minutes.

Table 3. Initial lattice constants and initial stresses measured by
three types of positioning methods.

Method of location of ~ Mean lattice constant  Initial stress
diffraction line ay (A) (kg/mm?)
Peak (parabola) 2.86642 -1.2+£1.2

HVB* (12 7,.,.) 2.86629 A18+15
Centroid (1/5 1,,,) 2.86557 04+1.5

*HVB is the half-value breadth method.

2 wo] gk AU ERE E
ﬂﬂaa@&ﬁ%a4wAMM4ﬂ ekl 52
oo} 2o AT E watA 7l melo] b 4] ()
£ 4 ()2 A8AZ 4 Yrks 22 srebshart.

4.3 ¥LILE BH olafol SRR
Fig. 5= 5 Y35t A| 2 of tfo}e] 2 um W 1
uhgt Hol| gt siny cholo] 1o R, 5]
ol ube} xpo] 7} thehd AL oF 4= 9iek. 91X AH
M2 ThE Aol ukebA Fslgh 2ol 7t gl 2S5
Qow], B Lo = a9} siny Alolol] 2 A2A 7}
LUFERLFR] 9F 1 22413} 5] o] 9= Ao Fig. 49} E A5}t

o] of| Hkstof Anfgl ¢Fo] wolx| Al & 41

2.868
o= 0°
— 4 o= 90°
< O @ = 180°
t m ¢ =270°
£ 2866
o
[s]
Qo
8 =0
E 90° 270°
2.864 Specimen
180° surface
1 1 1

0.0 0.4 0.8
sinZy

Fig. 4. sin’y) diagram obtained by the peak method from the lap-
ping surface under the conditions of Table 1.

2.868 (@ | (b)

< B
=
5 .
4 2.866 [
c
o
o B
@
2
=
3 2.864 [ | O Peak (s} i
121,
| | ® /51, B
1 1 1 1 1
0.0 04 0.80.0 0.4 0.8
sinZ2y sin2y

Fig. 5. A sin”) diagram obtained from an electro-polished surface,
showing the method difference in the position of the diffraction
lines. (a) 2 um electro-polished surface, (b) 11 um electro-polished
surface. The dotted line is the mean lattice constant in the annealed
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Table 4. The o, and o values obtained using the weighted avera-
ging method assuming that o5 = 0.

Distance from o a

surface (um) (kg/mm?) (kg/mm*/pm)
0 -102.7+15.6 15.8+2.6
2 -85.3+15.8 114+2.6
4 -83.3+17.9 12.0+3.0
6 -36.9+10.4 22+ 1.7
8 -16.2+£13.1 -14+22
11 -42.7+£9.1 70+1.5
14 9.0+6.6 03+1.1
16.5 -15.7+8.38 1.6+1.5
19.5 -10.7+£5.4 1.1+0.9
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Table S. The values of 0, o5 and o obtained using Eq. (3) related
to the triaxial stress state.

Distance from oy o3 a
surface (um) (kg/mm?) (kg/mm?)  (kg/mm*/um)
0 -86.9+17.0 -37+£2.6 10.8£3.3
2 -61.0+11.6 5.7+£1.8 37+£22
4 -59.0+16.8 -5.7+2.6 43+32
6 -20.7+£7.2 3.8+ 1.1 29+1.3
8 -7.6+7.6 S5.6+1.2 -89+1.5
11 -29.6 +8.3 31+1.3 28+1.6
14 -149+8.8 14+13 22+1.7
16.5 -12.0+11.8 -09+1.8 04+23
19.5 -42+6.0 -1.5+0.9 09+12

Depth from surface (pm)

- 0 4 8 12

NE T T T T T

E (a) o=

2 o ® v

3 -50 .

45 ’ ’/' /r'

§ ,"'0'/ o ° sin*y method

=] O—— Weighted ave. (6,7 0)

§ =100 O----- Weighted ave. (65=0)
Q

-_— T T T Ll T T T ol Ll

N (O

o -5F

ém Weighted ave.

© 10

Fig. 7. Relationship between (a) residual stress and (b) o and the
depth from surface obtained by the weighted averaging method
and the sin%) method.
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Fig. 10. The relationship between the exponential stress distribution
and the stress values obtained by the weighted averaging method

and the sin%) method.
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Table 6. Comparison with weighted averaging method, sin%) method and model value at exponent 7 is changed in various ways.

Stress (kg/mm?) Stress gradient (kg/mm®/pm)
(mrr;»u) Model WAM* sin*) method Model WAM*
(e} (Uo)zzo (J)FU (da/dz)zzo (« );=0
10 100 99.5 94.7 -1 -0.8
50 100 96.1 78.3 -5 -3.1
100 100 88.8 64.5 -10 4.3
200 100 74.8 47.8 -20 -4.7
500 100 49.0 27.0 -50 -3.9

*WAM means the weighted averaging method.
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