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Abstract

The main goal of this paper is to characterize surface layers
of corrosion-resistant steel affected by shot peening. Sev-
eral experimental methods were used for investigation of
samples prepared by using two different levels of shot
peening intensity. X-ray diffraction was applied as a main
technique for crystallite size, microscopic and macroscopic
residual stress determination. Combination of X-ray dif-
fraction with electrolytic polishing enables to study the
depth profile of aforesaid quantities. Nanoindentation and
optical microscopy were also applied on polished cross
sections of the samples. It was observed that more inten-
sively shot-peened sample differs from the sample basted
with lower particle’s intensity mainly in the width of af-
fected zone, which was ca. 0.4 mm and ca. 0.2 mm respec-
tively. Significant correlation was observed between the
depth profiles of macroscopic residual stress and crystallite
size. No change in phase content due to surface treating
was found.

Introduction

X-ray residual stress measurement ranks among those ap-
plications of X-ray diffraction that are very useful in met-
als, alloys and ceramics industrial treatment processes [1].
It is evident that if residual stresses can be specified (mea-
sured), it will be possible not only to prevent their harmful
effects, but also to utilize their beneficial impact. Shot
peening is a cold working process in which the surface of a
part is bombarded with small spherical particles (shots).
Benefits obtained by shot peening are the result of the mag-
nitude and depth distribution of the compressive residual
stresses and the cold working induced [2].

The aim of the contribution is to present a complete
X-ray diffraction analysis of gradients of crystallite size
and of both the macroscopic and microscopic residual
stresses in surface layers of shot-peened samples. Two dif-
ferent conditions of blasting were applied to samples under
investigation. The main goal of the research is to find cor-
relations between lattice deformation of the studied sur-

faces and their mechanical properties, and this way to con-
tribute to understanding of the onset of residual stress for-
mation in engineering materials.

Samples

The samples of size 50 x 50 x 5 mm® were prepared from
corrosion-resistant steel CSN 17134. The guaranteed cor-
rosion resistance on air, water steam or gas is up to 625 °C.
The material is used for some parts of turbine or for
thick-walled steam supple pipe. The chemical composition
is in Tab. 1. Prior to shot peening the samples were an-
nealed (stress-relieved) in Ar at 550 °C for 2 hours.

The shot peening was carried out with two different in-
tensities of blasting specified by using Almen test as 0.2
mmA (sample C11) and 0.4 mmA (sample C13) [3].

Polished cross sections (10 x 5 mm?) prepared from the
samples were used for nanoindentation experiments and
for microscopic observations.

Methods

X-ray diffraction

The measurement was performed on an ®-goniometer
Siemens with Cr-Ka radiation. The line {211} of a-Fe
phase was measured. Nine different tilts angles (y) from 0°
to 63° were used. The sin” method was used for determina-
tion of macroscopic residual stresses [4]. The X-ray elastic
constants 1/2s, =5.95-10°MPa’', —s,=1.325-10° MPa
were used in stress calculations. The single line Voigt func-
tion method was applied for corrections of instrumental
broadening (standard was measured for all nine inclina-
tion) and determination of microstrains and crystallite size
[5]. The microstrains e was converted to microstresses 6™
“? using Hooke’s law (o = e E, where the Young modulus
E =216 GPa) in order to have the possibility of their com-
parison to the macroscopic residual stress ¢™“"”

This procedure has some advantages and disadvantages
as well. The main advantage is that the macroscopic and
microscopic strains are determined from the same crystal-
lographic planes. Then the data are unaffected by elastic
anisotropy, which is relatively large in iron. The another
advantage is the high diffraction angle 6 of the {211} a-Fe
line (20 =~ 156°) enabling a precise determination of lattice

Table 1. The chemical composition of investigated steel 17 134 in weight percent.

C Mn Si Cr
0.17-0.23 0.50-1.00 0.25-0.60

Ni Mo v P S
10.0-12.5 0.30-0.80 0.80-1.20 0.20-0.35 max 0.035 max 0.030
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Figure 1. The dependence of effective penetration depth T on
sinz\y in case diffraction angle 26 = 156°, Cr — radiation, and Fe
matter .

strains. A disadvantage is that a separation of broadening
diffraction line to crystallite size and microstrain contribu-
tions using any single line methods is not as precise as
when several lines are considered. Realizing that the pene-
tration depth for each of the three diffraction lines ({110},
{200}, {211}) of a-Fe when Cr-Ka radiation is used, is
different application of methods using several diffraction
lines is problematic. Since the intensity of radiation is ex-
ponentially decreased in the matter, the effective penetra-
tions depth T'is used to describe radiation penetrate ability
[6]. Fig. 1 describes the effective penetration depth vs.
sin®y in case the Cr — radiation (wavelength A = 0.228962
nm) in Fe ( density p = 7.874 g/cm’®) for the diffraction an-
gle 20 = 156°.

In order to obtain depth profiles of X-ray diffraction
characteristics, the surface layers were removed by a
LectroPol-5 device for electrolytic polishing. The cooling
system maintains the temperature in the range of 15 — 25
°C. The sample C11 after removal of 0.8 mm is in Fig. 2.

Nanoindentation

The used apparatus NanoTest™ NT600 enables DSI
(depth sensing indentation) experiments. These were per-
formed with a diamond Berkovich indenter. Calculations
of indentation hardness and effective elastic modulus £,
were made according to Oliver-Pharr method [7] from DSI

Fig. 2. The sample C11 after multiple remov-
ing of surface layers.

unloading curves. Each sample was indented in five differ-
ent points on polished cross section at increased distance
from treated surface (matrix 5 x 14). Maximal load was 50
mN; loading/unloading time was 20 s; dwell time at maxi-
mal load was 10 s.

Microscopy.
Zeiss Axio Imager ZIlm optical microscope was used to
study cross section of the samples.

Results and discussions

X-ray diffraction

The samples were measured in two each to another perpen-
dicular directions labelled as “T* and “—” in order to ver-
ify the directional independences of the residual stresses.
The single line Voigt function method [5] gives values of
crystallite size D and microstrain e (or ") for every tilt
angle v, i.e. for sin®y =0,0.1,0.2, ... 0.8. The individual
values depend on gradients, orientation of diffracting
planes (angle ), and inaccuracy of used procedures. Fig. 3
and 4 show the dependences of crystallite size D and
microstreess ¢ on orientation of diffraction planes to the
surface. The obtained values for both directions are plotted
for surface values and for values form the depth of 0.8 mm.
The dependence of studied parameters on angle  is caused
by gradients, by y-orientation dependence, and by some
inaccuracies originated in a processing of measured data
(e.g., profile fitting by analytical Pearson VII function, gra-
dients, using of convolution instead of solving integral
equations, ... ).
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Figure 3. The dependence of microstresses on sin’y.
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Figure 4. The dependence of crystallite sizes on sin’y.
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Table 2. The depth profile of D, ¢"*“"* and 6" for sample C11.

The signs T and — marked two perpendicular directions.

5 P p—
z [pum] | _ " _ 1 _
0 37 37 879 856 =572 -580
25 43 52 571 529 -569 =584
40 55 50 522 506 -589 -588
60 57 53 334 368 -584 -587
80 55 53 315 313 =576 -565
110 a0 66 210 194 =513 489
150 116 121 162 159 =245 -181
200 1338 141 122 128 -45 -47
250 113 114 107 113 =27 =27
360 1338 130 110 108 1 -5
470 133 128 111 112 o 4
600 129 132 103 103 22 31
800 139 145 107 110 16 12

Table 3. The depth profile of D, 6™ and 6™ for sample C13.

The signs T and — marked two perpendicular directions.

D micro cjmacro

0 26 33 842 1020 -51% -552
25 47 44 g44 g1e =570 -580
40 47 47 721 718 =596 -607
60 43 52 363 610 -G01 -522
80 53 54 468 472 -610 -627
110 Si} 53 382 409 =395 -601
150 55 57 227 236 -540 =570
200 T q0 188 181 -493 -514
250 0 91 167 165 -352 -333
360 131 142 108 112 -4 17
470 135 151 108 114 10 -23
600 128 131 110 108 10 12
800 133 136 107 106 29 18

In order to compare these data with macroscopic resid-
ual stress, the values for all tilts were averaged. Tab. 2 and
3 show the values of crystallite size D, microstress """
and macrostress ¢™*"? determined for samples C11 and
C13.

For reasons of clarity the average values for these per-
pendicular directions are plotted in Fig. 5. Predication that
shot peening is symmetrical treatment [3], give us the com-
petence for the mentioned averaging. The depth profiles of
crystallite size are plotted in Fig. 6 for both orientations.
The absolute value of crystallite size and microstress are
encumbered by relatively large errors, caused primarily by
following reasons: (i) The problem in determination of z
(the radiation is exponentially decreased in the material),
(i) Strong presumptions of single line Voigt function
method [5], (iii). Inaccuracy of used Young modulus (tabu-
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Figure 5. The depth profile of micro and macro stresses for two
intensity of shot-peening — C11 and C13.
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Figure 6. The depth profile of crystallite size D for two direc-

tions T and — and for two intensity of shot peening — C11 and
C13.

Table 4. The correlation coefficients between particle size and

macrostress (D - 6"“"°), particle size and microstress (D - "),
D- g™ . gl gmiere | e
Cci1 7 ;97 -0,84 0,79
C11 — 0,98 -0,83 0,50
Cl3 7 0,96 -0,83 0.
C13 — 0,97 0,79 0,68

lated values from single crystal was used), that was used in
computing of stresses. This problems are not so significant
when relative values are ratiocinate. The values for two
different directions can provide the view to errors of their
determination.

Table 5. The average results of nanoindentation experiments for both samples.

Iulax. CI?:tEit Max. load | Hardness Er [GPa] Plastic Elastic
depth [nm] [mI;] [rn1T] [GPa) worle [nJ] | work [1]]
Gl 748 F0Z a0 4.0 205 11,9 1,2
13 746 700 50 4.0 204 11,9 1,9
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Figure 7. Sample C11, zoom 50x.

The thickness of the affected surface layers by shot
peening is roughly 0.2 mm for sample C11, and 0.4 for
sample C13 for all three quantities - D, 6™ and &

The values of correlations coefficient [8] calculated
from Tabs. 2 and 3 are in Tab. 4.

The correlation coefficient has the value between —1
and +1, so two independent quantity have the correlation
coefficient = 0. The largest correlation was observed be-
tween crystallite size and macroscopic stress (r = 0.97). On
the other hand, the smallest correlations are observed be-
tween macroscopic and microscopic stress (r = - 0.75). The
correlation is not as great as in the previous case, although a
relation is present.
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Figure 8. Sample C13, zoom 50x.

Nanoindentation

The nanoindentation experiment for samples C11 and C13
do not afford any larger increase or decrease of observable
parameters of depth profile studies. So, only the average
values of observed parameters are putted in Tab. 5.

Microscopy

The samples were observed in an optical microscope after
nanoindentation experiments (Figs. 7. and 8). The treated
surfaces are on the left side.

The sample C11 has the surface layer largely disturbed.
The black triangles are residual nanoindentation impres-
sions. The small black points are probably small pores;
they come to be sharp the same way as triangles after
nanoindentations. Moreover, the X-ray diffraction phase
analysis did not show difference between treated sample
and not-treated one. Fig. 9 displays the diffraction pattern
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Figure 9. Main part of x-ray diffraction patterns for treated and non-treated sample. The shot-peened pattern is putted down by
1000 counts for better visibility. The main four peaks, labeled with their respective diffraction planes, corresponds to Fe-o phase.
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of these two cases measured with Co-Ka radiation. The
more intensive peaks are from a-Fe phase. The small peaks
are from nonspecific phases. Their low intensities and in-
sufficient number do not allow the regular phase analysis.
Nevertheless matching these peaks with PDF database [9]
lead to the result that there is more than one probable phase
and the most possible phases are: Fe;C, Fe,C, C, Cr,;Cs,
Cry134Fe; 66Cs (and phases with similar composition),
MnC.

Conclusions

In the case of the studied steel CSN 17 134 X-ray diffrac-
tion measurements afford a more precise idea about surface
layers affected by shot peening than nanoindentation and
microscopy. Nevertheless comparison of results obtained
by these three methods provides different points of view to
characterisation of treated surface.

» More intensively shot-peened sample has wider af-
fected layer than the one shot-peened with lower in-
tensity. While the width in the first case is ca. 0.4
mm, the corresponding value the second one being
ca. 0.2 mm.

» The surface values of crystallite size and macrostress
are approximately the same for both the intensities of
blasting. The differences are observed primarily in
the specific interval of depth, which is in good ac-
cording with the observation in optical microscopy.

+ Aside to the crystallite size and macrostress, the sur-
face values of microstress of differently shot-peened
samples are different and the microstress increases
with the intensity of shot peening.

» The values of macrostress significantly correlate
with those of crystallite size; the correlation coeffi-
cient is approx. 0.97.

The micrographs obtained from the optical microscope

suggests that the shot peening has an influence on the phase

composition. However, the results of X-ray phase analysis
did not affirm this and black points in Figs. 7, 8 are inter-
preted as small pores.
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