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a b s t r a c t

A nanocrystalline layer with an average grain size of 75 nm was formed on the top surface layer of 321
stainless steel (321SS) alloy via severe shot peening (SSP). Grazing incidence X-ray diffraction (GI-XRD)
and transmission electron microscopy (TEM) were applied to characterize the grain size changes, phase
compositions and microstructure evolution after vacuum annealing at temperatures ranging from 200 �C
to 1000 �C. The results revealed that nanograins slowly grow toz411 nm as the temperature increases to
600 �C. Dislocation annihilation is shown to be responsible for the changes in grain size up to 600 �C.
However, an abnormal grain growth is observed at annealing temperatures of 800 �C and 1000 �C in
which grains grow to z1267 nm and z2012 nm, respectively. This abnormal grain growth is attributed
to the synergistic effect of dislocation annihilation in grain boundaries and triple points, re-arrangement
of dislocations, and formation of middle angle (13�e17�) grain boundaries. Transformation of stress
induced martensite (a0) to austenite (g) and microhardness evolution in the nanocrystalline top surface
layer during annealing are also discussed.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In recent decades, surface nanocrystallization (SNC) of austen-
itic stainless steels (ASSs) has been recognized as a unique way to
achieve extraordinary surface properties, namely, surface reactivity
[1,2]. Lin et al. [3] reported that surface nanocrystallization of 321
ASS leads to enhanced diffusion of nitrogen during nitriding at
400 �C and remarkably improves its tribological behavior. Peng
et al. [4] claimed that in contrast to microcrystalline 304 ASS,
breakaway oxidation does not occur for surface nanocrystallized
304 ASS counterpart after exposure to 700e900 �C in air. Based on
their report, this improvement is caused by enhanced diffusion of
Cr through grain boundaries (GBs) and formation of a Cr-rich oxide
in alloy-atmosphere interface. Wang et al. [5] produced a nano-
crystalline surface layer on an ASS and pointed out that due to a
larger work function and a higher chemical stability, its high-
temperature oxidation resistance at 900 �C is much higher than
for the microcrystalline one. Here, one issue must be considered
and that is the significant grain growth at mentioned high-
temperature reactions (nitriding, oxidation and etc.). Actually, it
Rashid).
can be claimed that there is a considerable difference between the
grain size of topmost surface at room temperature (i.e. what has
been measured in the mentioned studies) and at high tempera-
tures, so that the observed improvements may be due to the
presence of ultrafine and/or fine grains in the topmost surface layer,
not nano-sized ones.

As a matter of fact, nano-sized grains or nanocrystallites are
inherently unstable due to excess energy stored in the grain
boundaries which provide great potential driving force for grain
growth [6e8]: doubling the grain size of a nanocrystalline material
leads to a ~1000 times larger decrease in GBs area than does
doubling amicron-scale grain size [9]. This tendency is significantly
intensified at temperatures more than half of the melting point of a
given metallic material [10]. Many nanocrystalline materials of
interest for both fundamental study and engineering applications
are now recognized as substantially out of equilibrium and undergo
rapid evolution to coarser structures at high temperatures [11,12].
Such coarsening tendencies impede the use of these materials at
elevated temperatures. Hence, the significance of this phenomena
in both science and industry led to considerable increased attention
on this field of research in recent decades [13e15].

The aim of present study is to expand our previous work [16], i.e.
to investigate the microstructure evolution of nanocrystalline top
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surface layer of 321 ASS during high-temperature annealing. A
thick nanocrystalline layer was fabricated on the surface of 321 ASS
in our previous work via severe shot peening (SSP) [16]. However,
the thermal stability of the nanocrystalline surface layer of 321 ASS
has not been thoroughly discussed, preventing further application
of nanocrystalline 321 ASS at elevated temperatures (as high as
1000 �C). To assess its thermal stability, severe shot peened 321 ASS
samples with an average surface grain size of 75 nmwere annealed
in a wide range of temperature (200 �Ce1000 �C). Grazing inci-
dence X-ray diffraction (GI-XRD) and transmission electron mi-
croscopy (TEM) were applied to examine the microstruc-
tural evolution. In addition, microhardness changes after high-
temperature annealing are discussed.
2. Material and methods

The investigated material was 321 ASS, provided by STOOSS
company (Switzerland) as 80 mm-diameter bars. The chemical
composition of the material was determined by vacuum spark
emission spectrometer and is given in Table 1. The bar was solution
treated in the argon atmosphere at 1100 �C for 2 h and then rapidly
quenched. Cylindrical specimens of 6.0 mm thickness were
sectioned from the bar and subjected to SSP (KPS SHOT Co.). SSP
with 1000% surface coverage was carried out by a flow of high
carbon steel balls with a nominal diameter of 0.5842 mm (S230)
and hardness of 45e50 HRC. To generate reproducible plastic
strains, the shot angle and the distance between the nozzle and the
top surface were set to 90� and 400 mm, respectively. Afterwards,
these samples were ultrasonically cleaned in ethanol and dried
with hot air. In order to examine the microstructural stability of the
nanocrystalline surface layer of 321 ASS, treated samples were
Table 1
Chemical composition (wt.%) of 321 ASS.

C Si Mn P S Cr Mo Ni Ti Fe

0.021 0.557 1.485 0.016 0.011 18.104 0.113 9.697 0.461 Bal.

Fig. 1. Optical metallographic view showing g grains and fine
vacuum annealed (10�5 mbar) at 200, 400, 600, 800 and 1000 �C for
10 h. The GI-XRD studies were carried out using a X'Pert ProMPDX-
ray diffraction instrument. A scan mode at scan step size of 0.02�

(2q) was used to collect XRD spectra at grazing angle of 2�, using
Cu-Ka radiation under 40 kV voltage and 40 mA current. The GI-
XRD tests were repeated three times for each sample to ensure
the reproducibility. The volume fraction of strain induced
martensite (a0) phase was also calculated using the following for-
mula [17]:

Va0 ¼
ð1=nÞPn

j¼1

�
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a0
Rj
a0

�

ð1=nÞPn
j¼1

�
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Rj
g

�
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�
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Rj
a0

� (1)

where n, I and R are the number of peaks of the phase used in the
calculation, the integrated intensity of the reflecting planes and the
material scattering factor, respectively. For Eq. (1), only two phases
(g-austenite and a0- strain induced martensite) were considered.
The microstrain in the surface layer was evaluated using the Voigt
function [18]. The relationship of integral breadth is shown in Eq.
(2). The microstrain, ε, can be calculated via Eq. (3).

bhC ¼ bfC þ bgC ;
�
bhG

�2 ¼
�
bfG

�2 þ �
bgG

�2
(2)

ε ¼ bfG
4 tan q

(3)

where the subscripts G and C denote the Gaussian and Cauchy
components and superscripts h, f, g denote the measured line
profile, the structural broadened profile and the instrumental
profile in the line profile; b and q represent the integral breadth and
Bragg angle, respectively.

TEM observations at the topmost surface of treated and
annealed samples were carried out using a Tecnai G2 operating at
200 kV. TEM foils of the surface layer of treated and annealed
a0 needles. Corresponding XRD pattern shown as inset.
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samples were prepared by mechanically grinding of samples from
the non-treated side to obtain thin foils with a thickness of
z50 mm. Afterwards, the prepared foils were perforated by
dimpling and finally ion-milled on the non-treated side until a thin
section with a thickness between tens of nanometers to hundreds
of nanometers was achieved. To determine the grain size, at least
four dark-field TEM images were processed in microstructural
image processing (MIP) software and after that the mean grain size
was reported. The overall error associated with the grain size
measurements is due to inaccuracies in delineating the grain
boundaries as a result of contrast variations. Based on the D and ε

values, dislocation density (rd) was calculated by using Eq. (4) [19].

rd ¼ 2
ffiffiffi
3

p
ε

Db
(4)

where b is the Burgers vector.
Microhardness measurements (z10 mm below the top surface)

were done by a Buehler microhardness tester at a load of 20 g and
dwell time of 10 s.
3. Results and discussion

3.1. Microstructure characteristics in the initial and treated 321 ASS
samples

Microstructure characteristics of the as-received 321 ASS and
the surface treated one were reported in detail elsewhere [16].
Specifically, Fig. 1 shows the microstructure characteristics of as-
received 321 ASS. As can be seen, the microstructure is composed
of two phases: g grains with an average grain size of z380 mm and
fine needles of a0 (Vi,a0 z 10%). After SSP, a considerable amount of g
phase (ICDD 00-033-0397) in the top surface was transformed to a0

phase (ICDD 00-035-1375) and Va0 increased to 65%. In addition, g
grains were refined to z75 nm and the dislocation density
increased to z1.11 � 1014 m�2 in the grains. As a result of severe
grain refinement and enhanced formation of a0 phase, microhard-
ness in the surface layers of treated 321 ASS increased from z120
HV (solution-annealed condition) to z 275 HV.
Fig. 2. XRD patterns of 321 ASS after (a) SSP and SSP-annealing at different temper-
atures (b) 200 �C, (c) 400 �C, (d) 600 �C, (e) 800 �C and (f) 1000 �C.
3.2. GI-XRD analyses of the treated-annealed 321 ASS samples

Fig. 2 shows the XRD patterns of treated and treated-annealed
321 ASS samples. As can be seen, peak broadening is completely
clear for the as-treated sample which is primarily attributed to the
grain refinement and an increase in microstrain after SSP [20].
Following annealing at 200, 400 and 600 �C, the peak broadening is
gradually decreased but it is still obvious. With increasing the
annealing temperature to 800 and 1000 �C, a considerable nar-
rowing in diffraction peaks is observed, revealing abnormal grain
growth and/or strain relaxation at these temperatures. In line with
peak narrowing during annealing, a0 / g phase transformation
also occurs. As can be seen from Fig. 3, Va0 at 200 �C practically
remained unchanged compared with the as-treated one; however,
its values start to decrease from 400 �C. A sharp decrease in Va0 can
be seen around 600 �C (Fig. 3), so that this value reaches z36%.
Considering XRD resolution, no a0 phase was detected at 800 and
1000 �C. This means that even the initial a0 martensitewhich was in
the as-receivedmaterial (Fig.1, Vi,a0 z 10%) has been transformed to
g. As supported by these results, it can be stated that this trans-
formation is essentially thermally activated (diffusion controlled).
This argument is in full agreement with [10].
3.3. Microstructural characteristics of the nanocrystalline surface
after annealing

Fig. 4 represents the bright-field TEM images from the topmost
surface of as-treated and treated-annealed 321 ASS samples, in
which the insets are the corresponding SAED patterns. As can be
seen from Fig. 4a, a nearly full surface nanocrystallization is ob-
tained in the case of as-treated sample so that equiaxed nanograins
with random crystallographic orientation and amean size of 75 nm
are observed in the whole microstructure. This microstructural
refinement is also reflected in the SAED pattern shown as inset in



Fig. 3. Amount of a0 phase (Va0) measured by XRD, as a function of annealing temperature.
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Fig. 4a where continuous rings appeared. After annealing at 200 �C,
the grain size remains in the range of nanoscale (z96 nm); how-
ever, most of the equiaxed nanograins show blurred GBs. This
feature after annealing at 200 �C indicates the occurrence of
gradual strain relaxation and dislocation annihilation in nanograin
boundaries, as has been similarly reported in previous works
[21,22]. During the mentioned phenomenon, some areas with
dense dislocation tangles are also created (Fig. 4b). In the case of
annealing at 400 �C, no nanograins are observed; however, large
dislocation tangles, which can be a result of interactions between
dissociated nanograin boundaries, are distributed in the whole
microstructure. The tangles are tightly stacked behind the GBs.
These GBs show a curved morphology, implying the occurrence of
thermally activated curvature-driven GBs migration [23]. As can be
seen from the SAED pattern (inset of Fig. 4c), streak points instead
of continuous rings are apparent, this in turn indicating classical
grain growth [24]. With increasing the temperature to 600 �C, the
amount of dislocation tangles, i.e. dislocation density, decreases as
a result of dislocation annihilation and dislocation absorption by
GBs. Dong et al. [25] reported similar arguments for ultrafine
grained low carbon steel. At annealing temperatures higher than
600 �C, grain growth is largely enhanced so that ultrafine grains
with a recognizable contrast and 13�e17� misorientation are
observed in the whole microstructure. Some areas near to the GBs
and triple points show spaced traces of dislocations at 800 �C
(Fig. 4e) which can provide an indication of dislocation absorption
by GBs and triple points. Formation of a dense array of dislocations,
similar to dislocation walls inside the grains, is another feature at
this temperature. As can be seen from Fig. 4f, a nearly complete
recovery with a very low density of dislocations is obtained for
annealing at 1000 �C. Compared with Fig. 4a, SAED patterns for
latter temperatures also reveal grain growth from nanograins to
ultrafine ones. In line with the XRD results, corresponding SAED
patterns at 800 and 1000 �C confirm nearly perfect g crystals
distributed in the microstructure, i.e. a complete transformation of
the a0 phase to the g phase has occurred.

Fig. 5 shows the evolution of the grain size and the dislocation
density during annealing up to 1000 �C. As can be seen, mean grain
size linearly increases from 75 nm to 411 nm with increasing
annealing temperature from room temperature to 600 �C. In this
temperature range, dislocation density decreases from
z1.1 � 1014 m�2 to z8.7 � 1012 m�2. The good thermal stability of
nanocrystalline top surface layer in ASS can be due to the high
melting point of z1700 K [26]. Above 600 �C, due to enhanced
dislocation annihilation, more absorption of dislocations by GBs
and triple points and higher grain growth rate, an unexpected drop
and sudden increment is observed for dislocation density and grain
size, respectively. It is worthy to note that the a0 / g phase
transformation is accompanied by a volume contractionwhichmay
yield internal stresses and formation of lattice defects [27]. So, it
can be claimed that the maximum annihilation and absorption of
dislocations occur at temperatures between 600 and 800 �C. A
nearly unchanged dislocation density is seen for the temperature
range of 800e1000 �C, which in turn shows that the growth of
ultrafine grains and an increase in their misorientations are the
main features in this temperature interval.

Fig. 6 generalizes the physical mechanism of grain structure
evolution of nanocrystalline surface layer of 321 ASS subjected to a
wide range of temperature from 200 �C to 1000 �C (based on Figs. 4
and 5). For the sake of convenience, only the microstructural evo-
lution of nanograins has been taken into account. As can be seen,
nanograin growth probably occurs in the following sequence:

(i) In the first phase (z200 �C), the imparted heat energy is
reflected in the GBs dissociation by emission of dislocations
as well as by dislocation annihilation. Rittner et al. [28] and
Clarebrough et al. [29] also reported that emission of crys-
tallographic defects (low angle GBs, twins, stacking faults,
dislocations and etc.) from GBs is a probable way for relax-
ation during annealing of FCC metals. As a result of this
phenomena, nanograin boundaries are not as sharp as those
in the as-treated material (Fig. 4b and Fig. 6b).

(ii) In the second phase (z400 �C), increase of input heat energy
results in more GBs dissociation and dislocation anni-
hilation, so that nanograins completely are dissociated to
dense dislocation tangles with curved boundaries. Latter



Fig. 4. Bright field TEM images and corresponding SAED patterns (insets) of the nanocrystalline surface layer of 321 ASS (a) after SSP and SSP-annealing at different temperatures:
200 �C, (c) 400 �C, (d) 600 �C, (e) 800 �C and (f) 1000 �C.
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Fig. 5. Evolution of grain size and dislocation density of nanocrystalline surface layer
of 321 ASS as a function of annealing temperature.

Fig. 7. Microhardness values of nanocrystalline surface layer of 321 ASS at different
temperatures (RT: room temperature).
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morphology significantly promotes the transfer of atoms to
and from grains which are adjacent to the GBs [30] (Fig. 6c).

(iii) A further increase in temperature results in more dislocation
annihilation and their adsorption by GBs. Under these con-
ditions, dislocation walls are formed inside the grains, as can
be seen in Fig. 4d and Fig. 6d (third phase: z 600 �C).

(iv) In the fourth phase (z800 and 1000 �C), ultrafine recrys-
tallized grains with middle angle boundaries (misorientation
angle between 13� and 17�) are formed in the whole
microstructure. Due to the high rate of dislocation annihila-
tion and their absorption by GBs, dislocation density severely
drops at such high temperatures (Fig. 4e, f, Fig. 5 and Fig. 6f).

3.4. Microhardness variation after annealing

Fig. 7 shows the variation of microhardness in the nano-
crystalline surface layer of 321 ASS after SSP and SSP-annealing. The
microhardness of the nanocrystalline layer is about 281 HV, which
Fig. 6. Schematic diagram of physical mechanism of growth
is more than two times larger than that of as-received 321 ASS. In
terms of the Hall-Petch relationship, this increase is mainly
attributed to the presence of nanograins [16]. Moreover, it can also
be seen that the microhardness values continuously decrease with
increasing the annealing temperature to reach 800 �C and after
that, they remain almost constant. Comparing the microstructural
features (especially grain size and dislocation density), phase
fractions and microhardness values obtained for different temper-
atures in Figs. 3e5 and 7, it appears that the microhardness evo-
lution during annealing is mostly determined by the dislocation
density. Colaco et al. [31], based on Nix-Gao model, also reported
that the microhardness of ultrafine grained FCC metals is directly
related to their dislocation density.
of nanograins after annealing at different temperatures.
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4. Conclusions

TEM and GI-XRDwere applied to investigate themicrostructural
evolution of nanocrystalline surface layer of 321 ASS in the tem-
perature range of 200e1000 �C. The main results are summarized
as follows:

(1) At 200 �C: nanograined structure remains stable for 10 h of
annealing. However, nanograin boundaries start to dissociate
by emission of dislocations.

(2) At 400 �C: due to dislocation annihilation and growth of
nanograins, large dislocation tangles and no nanograins are
observed in the whole microstructure. In addition, Va0 starts
to decrease and reach 55%.

(3) At 600 �C: density of dislocations is decreased so that the
dislocation walls are formed inside the g grains instead of
dense dislocation tangles. Va0 values also decrease to 36%.

(4) At 800 and 1000 �C: middle angle boundaries (between 13�

and 17�) are formed and stable ultrafine grains are distrib-
uted in the whole microstructure. Due to enhanced disloca-
tion annihilation and absorption of dislocations by grain
boundaries and triple points, the density of dislocations
severely decreased at 800 �C temperature. Complete a0 / g
phase transformation takes place at temperatures higher
than 800 �C.

(5) In line with the considerable decrease in dislocation density
from room temperature (z1.10 � 1014 m�2) to 800 �C
(z1.06 � 1011 m�2), microhardness values also decrease
from 281 HV to 122 HV. At 1000 �C, these two parameters are
comparable with those of 800 �C.
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