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ABSTRACT: This research studies on the maximum x-ray counts and half-width of the x-ray

diffraction line of textured austenitic stainless steel. The experimental stress-independent direction

almost agrees with the theoretical value, determined from the Voigt, Reuss and Kroner models. The

result of loading test for two perpendicular SUS316L austenitic stainless steel specimens shows that the

broadness and maximum intensity of diffraction line in the rolling direction respectively get the lowest

and highest values around the stress-independent direction. In the traverse direction, the broadness and

maximum intensity of diffraction line vary slightly as in the case of the isotropic materials.
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1. INTRODUCTION

The broadness of an x-ray diffraction line,
represented by the half-width (the width at half
of maximum x-ray counts), iS an important
parameter that characterizes the material
properties, such as fatigue level, alloying level,
plastic deformation, hardness, dislocation
density, etc. For the isotropic materials, the
half-width is constant for all the y angles
because the mechanical characteristics are
equal for all diffraction directions. For the
textured material, however, the half-width may
have different behaviors due to its anisotropy.
Therefore, in studying the characteristic of
textured materials, the half-widths for various
w angles other than y = 0° should also be

investigated.

On the other hand, Vietnam is in process
of investing a nuclear power plant and stainless
steel is a common material used. This research
will investigate the change of half-width and
the maximum x-ray counts with y angles for
cold-rolled austenitic stainless steel SUS316L,
which is used for many components such as
reactor shroud [1]. The theoretical value of
minimum of half-width is also computed and

compared to the experimental result.

2. HALF-WIDTH OF DIFFRACTION
LINE FOR TEXTURED SPECIMEN DUE
TO PLASTIC DEFORMATION
2.1. Strain-Stress relation for anisotropic
materials

Let us consider the coordinate system on the
surface of a rolled specimen. The x, y and z

axes are parallel to the rolling direction (RD),
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traverse direction (TD) and normal directions
(ND). OP is the measurement direction and
makes an azimuth (¢,) to the axes. The strain
g; in the ij direction (i,j = 1 to 3) is determined
from the generalized Hooke’s law as [2]

1
(k) (hkl)
Sij =5, 0y —é‘ijsl Oy ey

where s and 1 sy are  elastic

2
compliances of anisotropic material, depending
on the diffraction plane (hkl); ; is Kronecker’s
delta, 0;=1 if i =j and ;=0 if i # j. If we let the
indices 1,2,3 in Eq. (1) be the axes x, y and z in
Fig. 1, then the strain & measured in the OP
direction is[3]
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Fig. 1. Coordinate system and stress in the surface

of arolled specimen.

In the case of stress measurement in the x
direction (¢ = 0) in the plane stress state, we
omit the components in the z direction and Eq.

(2) becomes:

1 .
£= (E s;hk/) sin? v+ Sl(hk/) o, + sl(hkl)o.y 3)

2.2. Relation between half-width and
residual strain of textured specimen due to
plastic deformation

The broadness (half-width) of an X-ray
diffraction line can characterize the material
properties. It depends on many factors such as
heat treatment, alloying level, grain size, plastic
deformation from machining or rolling process,
and etc. In this study, the half-width is
investigated as a function of azimuth angle v,
which is the most important parameter in the
anisotropic material. The considered specimens
were supposed to be homogeneous, thus no
gradient in stress, chemical composition or
change in grain size and mechanical properties
in the irradiated area. In that case, the half-
width of an x-ray diffraction lines has relation
to the spread of lattice spacing due to the
plastic deformation. Since the residual stress
has relation to the residual strain due to
deformation, the spread of the half-width in the
RD in this study is investigated in relation to
the plastic deformation in the rolling process.

The half-width is defined as B = B,,, +AB 4)

where B is the minimum half-width of

material without deformation and AB is the
spread of half-width due to the deformation
process. If we assumed that AB depends on the
residual strain of material after deformation, we

have
PR LR

where C is a constant. From Eq. (5), the half-

width obtains the minimum value at the stress-
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independent direction, which is determined as

[4]
(hkl)
Sinz v=- 51 (6)

(hkl)
0.5s,

For the isotropic materials, the elastic
constants can be determined theoretically from
the compliances of single crystal as §, = 9.84
TPa', 5,,= -3.86 TPa' and g,,= 8.40 TPa’
using the Voigt, Reuf and Kroner models
[5,6,7]. For the Voigt model, the strain is
supposed to be constant for all constituent
grains. The elastic constants in the Voigt model

are given as:

s = 285,(S,, +25,,)+55,,8,,
: 6S, +5S,,
15 _ 5(Sll - SIZ)S44 (7)

27 6S,+58S,,

>

where Sy = S11—=S12— 0.5544. The Reu3 model
assumed that the stress is constant for all the

grains, giving the elastic constants as:
1
5= 50+ S0 —s, =8, =5, = 38,T ®)

Where 3T is orientation parameter. For cubic
structure, I is given as:

= R+ + R

(W +k>+1°)°

For diffraction plane (220) of austenite
stainless steel SUS316L, 31" = 0.75.

In the Kroner model, the boundary
conditions for stress and grain boundary
displacement are satisfied. To simplify the
calculation, the Kroner model is the
combination of the Voigt and Reufl models as

(11]

¥ =0.583s" +0.417s" ©)

where %, sV and s® are the elastic

compliances, determined from the Kroner,
Voigt and Reul models, respectively
[6,8,9,10]. Since the Kroner model gives the
closest elastic compliances to the measured
value, the elastic constants calculated from the
Kroner model are used.

The theoretical stress-independent direction
for isotropic SUS316L stainless steel calculated
from Egs. (6) and (9) is

sin y =0.23 (10
3. EXPERIMENTAL STRESS-
INDEPENDENT DIRECTION

In a previous study, the experimental stress-

independent direction in the sin2y/ diagram is

determined as [12]
. B.. . AB, —BA,
R L

X X

where p, is the peak position of a stress-free

specimen,
A =Xak, A =Yak, (12)
B,=Ybk, B,=Xbk, 13
W =X u - T (14
ConZul-Cw ) onZul - (Zu )
ui=sin2l//
0, P (15)

xi

9o, " 9o,

Ga Gy are the applied stresses along the x and
y axises.

Ggy is the residual stress along the y

directions;

o —_BM=-AWN-p,) (16)
o AB —AB,
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M and N are the slop and intercept of the
straight line fitted to the peak positions p; in the
sin’y diagram:

M =Xa,p, (17)

N=Xb,p, (18)

Substituting Eq. (16) into Eq. (11) and

simplifying, we have the experimental stress-

independent direction given by

« B . . B
W ==L pimop + M - N
A p Po A

X X

19

4. EXPERIMENTAL PROCEDURE

Two specimens A and B with the sizes of
3.9x22x100 mm, having
the RD and TD,

the longitudinal
direction parallel to

respectively, were prepared from cold-rolled

polished to remove the surface layer by about
70 pum. The conditions for the X-ray stress
measurement are given in Table 2. The peak
position of a stress-free specimen was
determined by using SUS316L powder as p,
=160.280°. The fixed-y method using the iso-
inclination method was used. The X-ray counts
are corrected for the Lorentz-polarization and

absorption factors [13].

Various stresses were applied to the

longitudinal direction of the specimens using a
four-point bending device. The applied stresses
were measured mechanically using a strain
surfaces of the

attached to the

gauge
specimens. The peak positions of diffraction

lines were measured in the RD for both

austenitic stainless steel JIS type SUS316L, as specimens.
shown in Fig. 2. The chemical compositions of
the specimens are shown in Table 1. The
surfaces of the specimens were electrolytically
Rolling direction RD gi
22
100 mm
Specimen A
Rolling direction RD owl
[sa}
/ T

90 mm

Specimen B

Fig. 2 Specimens.

Table 1. Chemical compositions of SUS316L specimens (wt. %)
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C Si  Mn P

0.012 0.66 1.17 0.028

S Ni Cr Mo

0.002 121 172 2.1

Table 2. Experimental conditions for X-ray stress measurement

Characteristic X-rays
Diffraction plane

Filter

Divergent angle of collimator

Tube voltage
Tube current
Irradiated area
Preset time

Step size

VKo
(220)

Ti foil

10

30kV

10 mA
5%10 mm?
S5s

0.15°

4. RESULTS AND DISCUSSION

Figure 3 shows the variation of the maximum
X-ray counts of the diffraction lines y,, in the
RD and TD with the y angles for specimen A.
Generally, for the isotropic materials having no
texture, the maximum X-ray counts decrease
slowly with increasing y angle because of the
X-rays absorption

However, for the SUS316L specimens, Ymax
in the RD varies greatly with w angles and
obtains the maximum at around y = 30° (sin’y
= 0.25), showing that the specimens have very
strong texture. Figures 4 and 5 respectively
show the sin’y diagrams for the specimens A
and B with various applied stresses 6,, and c,,.
The peak positions in the sin’y diagrams for

both specimens oscillate due to the strong

texture. In Fig. 4, the straight lines fitted to the
peak positions using the least square method
for the specimen A intersect at a point having
the coordinates determined from Eq. (19) as
siny” = 0.26 and p* = 160.466°. This is the
stress- independent direction, which almost
agrees to the direction where the maximum x-
ray intensity obtains the highest value in Fig. 2.
For specimen B in Fig. 5, the parallel lines
determined from the peak positions by the
least-square method show that the applied
stresses in the y direction have little influence
on the slope of the straight lines in the sin’y

diagram in the x direction.
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Fig. 3. Variation of maximum X-ray counts versus

> - -
sin“ys of specimen A.

Figure 6 shows the variation of the slope M
of the straight lines in the sin’y diagrams in
Figs. 4 and 5 as a function of the applied
stresses o, and o, for specimens A and B. The
slope M for specimen A varies linearly with the
applied stresses. For the specimen B, on the
other hand, the M-c,, diagram, are distributed
around a horizontal line, showing that the
applied stress has no influence on the stress in
the direction x. The coefficients A, and A, in
Eq. (12) are determined from the slopes in the
M-, diagram in Fig.6.

Figure 7 shows the variation of the intercept
N of the straight lines in the sin’y diagrams in
Figs. 4 and 5 with the applied stresses o, and
G, of specimens A and B, respectively. The
intercept N, similarly to the slope M, varies
linearly with the applied stresses o, and G,.
The coefficients B, and B, in Eq. (13) are
determined from slopes of the N—c, diagram in
7 for both A and B,

Fig. specimens

respectively.
Table 3 shows the values of the coefficients

A,, By, A, and B, determined from Eqgs. (12) and

(13) by applying stresses to the specimens A

and B, respectively.

Table 3. Coefficients A,, B,, A, and B,(10*

deg/MPa)
A, -33.50
B, 8.85
A, 0.09
B, 7.10

Figure 8 shows the variation of the half-
width B of diffraction line of the specimens A
and B in the RD and TD with sin2¢// value
without applied stress. For both specimens, the
half-widths oscillate with sin’y corresponding
with the oscillation of the peak positions in
Figs. 6 and 7, showing that together with the
change of the lattice distance due to the rolling
process, the half-width of x-ray diffraction line
varies. However, since the deformation in the
RD is much larger than in the TD, the half-
widths measured in the RD are generally larger

than those measured in the TD.
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Fig. 4. Sin?y diagram of specimen A.
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_0.6 1 95% confidence interval

50 100 150
Applied stress, MPa

Fig. 6. Variation of the slope M in the sin’y
diagram with applied stresses.
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On the other hand, the half-width in the RD
greatly varies with sin2W while in the TD, the
half-width oscillate smoothly in the horizontal
direction. The half-widths in Fig. 8 in the RD
and TD are fitted with a parabola. In the RD,
the half-width obtains the minimum at sin*y of
about 0.28, which almost agrees with the
direction in Fig. 4,

stress-  independent

determined experimentally from Eqgs. (19) and

theoretically from Eq. (10) for isotropic
materials. This value also approximately agrees
with the value, where the maximum x-ray
counts obtain the maximum value in Fig. 4,
showing that the half-width and the maximum
x-ray counts of textured materials respectively
obtain the minima and maxima at around the

stress- independent direction.

o0

g 2.8t

a

£ i

7

(5

g 2.4+ ®

© RD
e TD

sin” ¢

Fig. 8. Half-width of diffraction lines in RD
and TD with sin’y.
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Intercept of the sin’y diagram N, deg
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/

o @, for specimen A
e 0, for specimen B
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L

of

50

100 150
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Fig. 7. Variation of intercept N of the sin’y diagram
with applied stress.
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6. CONCLUSIONS

In this paper, the experimentally determining

of diffraction line in the rolling direction

respectively get the lowest and highest values

stress-independent  direction of anisotropic around the stress-independent direction. In the

materials was given. This agreed to the traverse direction, the broadness and maximum

theoretical value of the isotropic material intensity of diffraction line vary slightly as in

determined from the Voigt, Reuss and Kroner the case of the isotropic materials.

models. The broadness and maximum intensity

KHAO SAT BE RONG TRUNG BINH VA CUONG PQ NHIEU XA CAO NHAT CUA
PUONG NHIEU XA CUA THEP KHONG Ri CAN NGUQI AUSTENITIC THEO GOC
PHUONG VI y

Lé Chi Cuong
Truong Pai hoc Su pham Ky thuat Tp.HCM

TOM TAT: Bai nghién citu da khdo sdt su thay doi bé rong trung binh va cwong do nhiéu xa cuc
dai ciia dwong nhiéu xa X quang ciia thép khong ri austenite c6 t6 chirc tex tua. Piém khong phu thudc
ing sudt xdc dinh bang thic nghiém dwoc so sdnh véi gid tri Iy thuyét, tinh todn bang cdc gid thiét
Voigt, Reuss va Kroner. Két qua thir nghiém do iing sudt ¢é dat tai trong cho hai mau thir thép khéng ri
austenite SUS316L cho thdy tai diém khong phy thugc iing sudt, bé rong trung binh theo phwong cdn cé
gid tri nhé nhat, dong thoi cuong dg lom nhdt ciia dwong nhiéu xa dat gia tri cuc dai. Theo phwong
ngang, bé rng trung binh ciia ding nhiéu xa ciing nhw cuong dé nhiéu xa Ién nhat thay déi khong ddng
ké, nrong tir nhu vat lidu ding hrdng.

Tir khéa: Nhiéu xa tia X; vmg sudt dw; Vit liéu tex-tua; Hdng sé ikng sudt.
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