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Abstract

Nanoindentation has been used to evaluate various mechanical properties of affected regions of laser shock-peened (LSP)
stainless steels, SS316L.N and SS304 plates. Depending on the applied laser parameters (laser energy, pulse width), the
hardness was varied in the range 3.5-6.2 GPa in comparison with the untreated sample hardness of 2.93 GPa for SS316LN.
Similarly in SS304, the hardness has been improved to 5.73 GPa in comparison with the untreated specimen hardness of
2.57 GPa. The improvement in the hardness for the laser-treated stainless steel targets is attributed to various factors viz.,
increment in internal frictional stress, dislocation—dislocation interaction and solute—dislocation interactions. Effect of laser
energy is not appeared in the hardness values but a difference in hardness values with the pulse width has been observed.
The deformation characteristics such as strain rate sensitivity and activation volume were evaluated from the indentation
creep data. Notable change in the strain rate sensitivity is not observed for the laser-treated samples in comparison with the
untreated samples and the range of values measured between 0.01 and 0.02. The activation volumes for both the treated
and untreated samples were in the range, 100—200 b*. There was a slight decrease in activation volume in the laser-treated
samples. Several rate-controlling deformation mechanisms appear to be operative in these treated samples, in addition to
the dislocation-based mechanisms.
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Introduction

Stainless steels SS316LN and SS304 are used as strategic
structural materials in the nuclear industry because of their
potential advantages (Suri et al. 2010). These structural
materials possess many attractive mechanical properties,
such as high strength, ductility, desirable toughness, high
work hardening ability, and excellent corrosion resistance
(Mannan et al. 2003). However, these steels retain moderate
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fatigue strengths and the surface treatment techniques like
shot peening (Sara Bagherifard 2012), laser shock peening
(Kalainathan and Prabhakaran 2016) and ultrasonic treat-
ment (Mordyuk et al. 2008) techniques are performed on
these steels for better fatigue lives. Among all the other
surface treatment techniques, laser shock peening (LSP)
is preferred because of its precise control over the residual
stresses, surface roughness and hardness on the surface
(Montross et al. 2002).

The thin layer of laser-hardened stainless steel surface
and its damage associated with the shock peening pose sig-
nificant challenges in quantification of mechanical properties
of the “thin peened region”. The best common method to
analyze the effect of surface hardening and the mechanical
properties of alloys/steels is through nanoindentation (Saleh
et al. 2016). Compared to other methods such as micro/
nano-pillar compression (Grieveson et al. 2012; Sharon
et al. 2013), cantilever bending (Armstrong et al. 2015) and
tensile testing (Reichardt et al. 2015), nanoindentation is the
easy method to examine the effect of input laser parameters
on the hardened stainless steel surfaces (Hardie et al. 2015;
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Hattar et al. 2012). There are several advantages in perform-
ing the nanoindentation on the laser-treated surfaces such as
ease of experiment, relative simplicity in sample prepara-
tion and comfort of applying the indents on the top laser-
treated surface allows to explore the mechanical properties
and deformation characteristics. Many research investiga-
tions by different authors (Dayal et al. 2013; Hosemann et al.
2008, 2009, 2012) have resulted in exploration of various
mechanical properties on wide variety of materials using
nanoindentation.

Using nanoindentation, the hardness has been assessed
for the surface-treated stainless steels by various methods
such as ion irradiation, LSP, ultrasonic treatments. Ma et al.
(Ma and Ling 2011) improved the hardness up to 38% for
the stainless steel SS304 using ultrasonic impact treatment
with a surface hardened layer of 450-500 um. Montross
et al. (2001) studied the self-limiting hardness by Hugoniot
Elastic limit (HEL) in laser-peened 6061-T6 aluminum. For
the higher shock wave pressure (6 GPa)-treated aluminum
samples, hardness was increased when compared to lower
shock wave pressure (3.5 GPa) for both one and five repeti-
tions. However, in all these studies for the alloys explored,
the cause of improving the hardness has not been forecasted.

Even though a lot of studies have been dedicated to
evaluate the hardness of the surface-treated stainless steels,
much data are lacking in evaluating the strain rate sensitiv-
ity (SRS) and activation volume. Thus, in the present article
systematically, the variation in hardness with respect to the
input laser parameters viz., laser energy and laser pulse dura-
tion has been extracted using nanoindentation data. Further
from the indentation creep, the strain rate sensitivity and
the activation volumes are calculated to assess the rate-con-
trolling deformation mechanisms in the hardened surface of
stainless steels.

Experimental details

Austenitic stainless steels used in this study, SS316LN and
SS304 have been supplied by M/s Mishra Dhatu Nigam Ltd
(MIDHANI), Hyderabad, India with the chemical composi-
tion as given in Table 1.

From the as-received material which were hot
rolled and annealed at 1100 °C, plates of dimensions
12 mm X 12 mm X 6 mm were extracted through electric
discharge machining (EDM). Further, the sample surfaces
were polished through different graded emery papers to

attain a surface roughness of 0.1 pm. Using second har-
monic of Nd: YAG laser (532 nm, 10 Hz), the polished sur-
face was subjected to laser shock peening. Two pulse widths
(viz., 30 ps and 7 ns) are used in the current study. The laser
energy was varied from 5 mJ to 25 mJ with steps of 5 mJ
for 30 ps and 30 mJ to 90 mJ with steps of 30 mJ for 7 ns,
respectively. Various sacrificial layers have been adapted
including an absorbent adhesive tape to confine the plasma
and these details were presented comprehensively in refs.
(Yella et al. 2018a, b, 2019). The residual stresses reported
were measured using the X-ray diffraction technique with
sin?y method. As the usage of absorbent adhesive tape has
resulted in significant compressive residual stresses in both
SS316LN and SS304 with less surface damage (Figs. 1 and
2), nanoindentation was performed on the samples covered
with absorbent adhesive tape during peening. The surface
roughness, residual stress and dislocation density data per-
taining to various peened samples are presented in Table 2.

Hysitron‘s TI950 Triboindenter with a Berkovich dia-
mond indenter has been used. The load was increased at dif-
ferent rates (80, 160, 450, 800, 2500, 5000 and 7000 uN/s)
at the peak load of 8000 uN. The load was held at the peak
value for 10 s before unloading. The load—time history fol-
lowed is shown in Fig. 3. Loading rates for each peak force
are selected in such a way that the strain rate changes by an
order or half the order of magnitude to attain each datum
point. Each test was repeated 25 times under identical test
conditions by performing a 5 X 5 matrix for achieving better
accuracy in the results, and the spacing between two con-
secutive indents was maintained at 3 um (Fig. 4). Strain rate
sensitivity (SRS) was calculated for a single indent, follow-
ing the method described in ref. (Alkorta et al. 2008). Thus,
obtained SRS values were considered and average of them
is reported as a SRS value for the given condition; error bars
represent the standard deviation in these values obtained for
a given test condition.

Results and discussion

In case of SS316LN treated at a laser pulse width of 30 ps,
as the laser energy has increased, compressive stresses have
also increased to a value of — 695 MPa at 25 mJ (Table 2).
When the same sample was peened at a pulse width of 7 ns,
the compressive stress was about — 805 MPa (at 90 mlJ).
The surface roughness has also increased to a value of 0.124
(for ps treated) pm at 25 mJ of energy and to 0.665 pm (for

Table 1 Chemical composition

N . S.No. Materialsused C Mn Ni Cr Mo N S (max) P (max) Fe
of SS316LN and SS304 (in
wt%) used in the present study 1 SS316LN 0025 175 120 170 24 0.1 0.002 0.023 Balance
2 SS304 0055 150 120 175 23 - 0.01 0.025 Balance

@ Springer



INAE Letters (2019) 4:215-225

217

Fig. 1 Surface profiles of laser-
treated stainless steel SS316LN
with absorbent adhesive tape
for laser peening conditions of
a30ps, 15mJb30ps,25mlc
7 ns, 30 mJ and d 7 ns, 90 mJ

Fig.2 Surface profiles of laser-
treated stainless steel SS304
with absorbent adhesive tape
for laser peening conditions of
a30ps, 15mIb30ps,25mlc
7 ns, 30 mJ and d 7 ns, 90-mJ
samples

ns treated) in comparison to 0.046 pm for untreated sam-
ple. The dislocation density in the untreated sample was
81x 10" m~2 in the laser-treated sample and it has increased
to 635x 10'* m~2 (for 30 ps and25 mJ) and 289 x 10'* m~2
(for 7 ns and 90 mJ).

In line with the trends observed for SS316LN, the surface
roughness, residual stress and dislocation densities have also
increased as the laser energy is increased at both the pulse
widths employed. Table 2 comprehensively presents these
data.

The samples covered with absorbent adhesive tape have
resulted in high compressive residual stresses and high dis-
location densities with less surface damage. Therefore, the
surface mechanical properties of these samples (SS316L.N

and SS304) were studied by nanoindentation (Fig. 2) at room
temperature and reported here. Typical load displacement
curves obtained for untreated, laser-treated samples are
shown in Fig. 5 and it is evident that the indentation response
is uniform for a given test condition and a given sample. The
hardness was deduced from unloading part of the curve fol-
lowing the Oliver—Pharr method (Oliver and Pharr 1992,
2004). These hardness data obtained at various loading rates
employed during nanoindentation are presented in Fig. 6. It
is clear that as the laser energy has increased, there was a
significant improvement in the hardness of these samples in
comparison to the hardness of the untreated sample. This
increment in hardness would be arising from high amount of
residual stresses, increased dislocation densities, etc.

ey
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Table 2 Variat.ion in surface Material Pulse duration (s)  Laser energy (mJ)  Surface Residual Dislocation
rough.ness, r.651dual s.tr.ess roughness Stresses density (X 1013)
and dislocation 'densmes of (um) (MPa) (m™)
untreated and different laser-
treated stainless steel samples SS316LN 30 ps Untreated 0.046 —-73 81
5 0.047 — 548 249
10 0.049 - 371
15 0.081 — 589 419
20 0.096 - 586
25 0.124 — 695 635
7 ns 30 0.0517 — 116 271
60 0.0556 — 461 283
90 0.06656 — 805 289
SS304 30 ps Untreated 0.046 - 65 28
10 0.085 - 390
15 0.114 —492 416
20 0.105 - 387
25 0.088 — 663 461
7 ns 30 0.08586 —262 201
60 0.12 - 272 242
90 0.566 — 356 266
T s g To critically analyze the hardness data, the averaged data
2247327 are presented in Table 3. For SS316LN sample, the untreated
MixLoad S35 % 3 3 g Dwell time condition had a hardness of 2.93 GPa and it increased to as
8000 uN SHE =R & 10 sec high as 5.14 GPa and 4.05 GPa for 30 ps and 7 ns conditions,

Time (sec)

Fig.3 Load vs. time history followed to obtain the surface deforma-
tion characteristics

respectively. It amounts to increments of 175% and 138%,
respectively. For SS304 sample, the untreated condition pos-
sessed a hardness value of 2.57 GPa and it increased to as
high as 5.73 GPa and 3.56 GPa for 30 ps and 7 ns condi-
tions, respectively. This increment in hardness corresponds
to 223% and 138%, respectively.

It is well established that the strength of a polycrystal-
line solid gets influenced by various parameters such as
applied load, loading rate, temperature and microstructure.
To understand the influence of loading rate on the overall
mechanical behavior of the peened region of both the sam-
ples, nanoindentation was performed by varying loading rate
at a constant peak load and room temperature. It is assumed
that microstructure of the sample is uniform throughout the
peened region and it does not change dynamically during
testing. The load displacement characteristics of the hold
region (10 s) during nanoindentation are shown in Fig. 7
and these are fitted with the Eq. (1), following the procedure
presented in the ref. (Chinh and Szommer 2014; Alkorta
et al. 2008; Sudharshan Phani et al. 2017).

(m/2)

h=B(t—1)"", (1)

where & is indentation depth, B and ¢, are constants; ¢ is
the time. “m” gives the value of strain rate sensitivity. All
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Fig.5 Load—displacement curves obtained at a peak load of 8000 puN for a SS316LN, untreated b SS316LN, 30 ps ¢ SS316LN, 7 ns d SS304,

untreated e SS304, 30 ps f SS304, 7-ns samples

the curves are fitted to the above equation with an adjusted
R? value better than 0.99 (Fig. 7). The indentation depth
and time were normalized with their corresponding highest
values obtained during testing. These normalized plots can
be seen in Fig. 8 and it is evident that indentation response
does change with the loading rate in the given hold time for
various samples. It is also clear that as the loading rate is
increased, at a given time the indentation depth decreases
indicating towards increased hardness values. The increment
in hardness with increase in loading rate for a given test
condition and a given sample suggests that the loading rate
response is positive leading to positive strain rate sensitivity.
Thus, obtained SRS values are presented in Fig. 9. It is clear
that irrespective of the sample nature (SS316LN or SS304)
and peened conditions (30 ps or 7 ns), the SRS has assumed
values between 0.01 and 0.02. It is also striking to observe
that the SRS value of peened samples is slightly less than
that for untreated sample.

The activation volume (V") is calculated from the strain
rate sensitivity values (Fig. 10) and the corresponding hard-
ness values (Table 3) using the Eq. (2).

aln(¢)

V* =34/ 3ky T——2,
\/—B dlnH

@

where ky is the Boltzmann constant, 7T is the absolute tem-
perature (300 K), H is the hardness and m is the strain rate

sensitivity. The obtained activation values (100-200 b, b
is the Burgers vector of the given material) are shown in
Fig. 10. It is evident that the activation volumes are decreas-
ing with the applied laser energy for all the laser peening
conditions. For both the SS304 and SS316LN the activation
volumes are decreasing suggesting the involvement of dif-
ferent rate-controlling mechanisms in comparison to those
for untreated sample.

As it can be seen in Figs. 1 and 2, the surface damage was
minimal for both SS316LN and SS304 plates during LSP
when they were covered with adhesive absorbent tape. The
damage on the surface was minimal when adhesive absor-
bent tape was used as a sacrificial layer and the surface dam-
age was more when no sacrificial layer was used. Detailed
microstructural details are given in (Yella et al. 2018a, b).
Table 2 presents some of the key characteristics such as
surface roughness, residual stress and dislocation density.
It is clear that the surface roughness values are insignifi-
cant. All the residual stresses are compressive in nature and
the dislocation density has increased with increase in laser
energy. As the energy has increased during LSP, atomic level
displacements might have resulted in the increased disloca-
tion densities which in turn would have resulted in increased
lattice microstrain (Yella et al. 2018a, b). It is clear that the
LSP has resulted in significant improvement in the hardness
of the peened region. The increase in hardness as shown in

@ Springer ¢
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Fig.6 Variation of hardness with different laser energies applied for a SS316LN, 30 ps b SS316LN, 7 ns ¢ SS304, 30 ps and d SS304, 7-ns sam-

ples. The data at laser energy of “0” represent untreated sample

Fig. 6 could be having the origins from one or more of the
following:

e increased lattice frictional stress
e dislocation—dislocation interactions
e dislocation—solute interactions

It is interesting to observe that the SRS did not show
much change between untreated and treated samples. How-
ever, there was slight decrease in the activation volume to
100 b? from about nearly 200 b>. In conventional polycrys-
talline materials, dislocation-based mechanisms would result

@ Springer

in an activation volume close to 1000 b*. In nanocrystal-
line multi-phase, an activation volume of close to 10 b3 was
observed (Varam et al. 2014a, b, 2016). However, in the
current materials which were subjected to LSP, we have
observed a reduction in it by an order of magnitude. This
suggests that other lattice defects such as vacancies, stack-
ing faults, twins, etc. which could have formed during LSP
might also be playing a key role in deciding the activation
volume in these materials.

Sharma et al. (2011)investigated the effect of 4.0 MeV
proton irradiation on the microstructure and mechani-
cal properties of nanocrystalline (nc) nickel foils on SS
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Table 3 Variation of hardness with applied laser parameters (aver-
aged for all loading rates at a given condition)

substrate. With an increase in hardness, the activation
volume decreased more rapidly for unirradiated nc-Ni as

Material ~ Pulse duration (s) Laser energy (mJ) Hardness (GPa) compared to irradiated Ni. In unirradiated nc-Ni, the rate-
controlling deformation mechanism is associated with dis-
SS3I6LN 30 ps Untreated 2.93£0.07 location density increment with the increase in stress during
3 4.66:£0.30 the course of indentation/deformation. In irradiated speci-
10 3.14£0.17 mens, the deformation is associated with dislocation gen-
15 4.86+0.16 eration and radiation-induced defects (vacancy—interstitial
20 4.94+0.29 clusters, dislocation—dislocation loops). In the present study,
2 4.74£0.14 the activation volume of the laser-irradiated stainless steels
7 ns 30 4.01+0.16 : 3 :
has decreased slightly up to 200 b’ suggesting that the rate-
60 4.05£0.25 controlling deformation is associated with the dislocation
% 3.11£0.07 generation and radiation-induced defects.
58304 30 ps Untreated 2.57£0.12 Kasada et al. 2016 examined strain rate sensitivity (SRS)
10 341017 before and after 10.5 MeV Fe* ion irradiation up to 10
15 3-73+025 dpa at 300 °C on a single crystal Fe—15Cr—20Ni austenitic
20 4.86+0.10 steel using a strain rate jump (SRJ) nanoindentation test.
2 4.40£0.25 With the ion irradiation, the hardness values were increased
7ns 30 3.31£023 (from 2 GPa to 3.5 GPa) at the narrow depth region but the
60 3.56+0.22 SRS values (0.02 to 0.01) are decreased slightly. Similarly,
%0 3.25+022 in our study for the laser-treated samples, SRS values were
decreased slightly for the laser-treated samples in compari-
son with the untreated sample.
Maier-Kiener and Durst 2017)studied the quantitative
changes viz., different material modifications, loading rates,
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Fig. 7 Indentation depth vs. time plots (corresponding to only hold regions of the data presented in Fig. 3) used to obtain strain rate sensitivity of
a SS316LN, untreated b SS316LN, 30 ps ¢ SS316LN, 7 ns d SS304, untreated e SS304, 30 ps £ SS304, 7-ns samples
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Fig. 8 Normalized indentation depth vs. normalized time for different
loading rates corresponding to “hold (constant load)” region of the a
untreated SS304 sample and b laser-treated SS316LN, 30 ps, 5 mJ

or temperatures are indicative of the interaction, competi-
tion, and change of different contributing plasticity mecha-
nisms. For coarse-grained FCC materials, the primary ther-
mal activation obstacles at low and intermediate strain rates
are forest dislocations. In their study, it is concluded that
the crystal structure, microstructure, and testing temperature
significantly influence the deformation behavior.

The range of hardness values observed for the 30-ps
laser-treated samples is higher than that of the 7-ns treated
samples. These higher hardness values for the 30 ps are
might be due to conceal of laser interaction with the laser-
produced plasma, i.e., the plasma does not absorb any laser
energy. Therefore, the entire energy of the laser is depos-
ited on the target materials SS304 and SS316LN resulted in
the increment in the hardness values. Nakano et al. (2010)
also observed the increase in hardness values for the femto-
second laser-treated samples in comparison to nano-second
laser-treated stainless steels SS304. In comparison to all
these studies, the hardness increment has been very signifi-
cant in the present studies. In addition, SRS, activation vol-
ume data as well as discussion on probable rate-controlling
mechanisms brings uniqueness to these studies.
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sample. The effect of loading rate on indentation response at constant
load is clearly evident

Conclusions

Mechanical properties such as hardness, strain rate sensitiv-
ity and activation volume are evaluated using nanoinden-
tation for the laser shock-peened stainless steels SS316LN
and SS304 at room temperature. With the LSP, the hardness
is increased to 6.2 GPa, in comparison with the untreated
sample hardness of 2.93 GPa for SS316LN. Similarly, the
hardness has been improved up to 5.73 GPa in comparison
with the untreated specimen (2.57 GPa) for SS304 sample.
Various factors such as increment in lattice frictional stress,
dislocation—dislocation interaction and solute—dislocation
interactions might have led to the improvement in the hard-
ness for the laser-treated stainless targets. The effect of laser
energy within the laser pulse width has not affected the hard-
ness values. But the effect of pulse width on hardness values
is substantial. Strain rate sensitivity and activation volume
were evaluated from the indentation creep data and promi-
nent change in the strain rate sensitivity (0.01 to 0.02) is not
observed between treated and untreated regions. The reduc-
tion in activation volume to~ 100 b? for the laser-treated
regions from ~200 b’ in the untreated regions indicates the
presence of several rate-controlling deformation mecha-
nisms in addition to dislocation-based mechanisms in the
peened regions.
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