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Abstract The effect of thermal annealing on shot-peened
Type 304 stainless steel has been examined using electron
backscatter diffraction (EBSD) and X-ray diffraction
(XRD). The objective was to evaluate the potential for
surface property control by grain boundary engineering.
The near surface microstructure of shot-peened material
showed a gradual change of the grain boundary character
distribution with depth. Twin (£3) and higher order twin
grain boundaries (£9, £27) identified closer to the shot-
peened surface had significant deviations from their opti-
mum misorientation. The subsequent application of
annealing treatments caused depth-dependent changes of
the near surface microstructure, with variations in grain
size, low X CSL grain boundary populations and their
deviation from optimum misorientation. Microstructure
developments were dependent on the applied heat treat-
ment, with the near surface microstructures showing
similarities to microstructures obtained through bulk
thermo-mechanical processing. Shot peening, followed by
annealing, may therefore be used to control the near
surface microstructure of components.

Introduction

Grain boundaries with a high density of coinciding lattice
atom sites, characterized as low 2 grain boundaries in the
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coincidence site lattice model (CSL) [1], can be resistant to
intergranular corrosion and stress corrosion cracking [2—4].
Although the CSL description is an incomplete description
of grain boundaries, which are best described using five-
parameters for the relative crystal orientations and the grain
boundary plane [5, 6], it is widely used for convenience.

The concept of increased microstructure resistance by
grain boundary design and control, which involves the
development of microstructures with increased fractions of
“special” low X CSL boundaries (i.e. X1-X29), was
introduced by Watanabe [7]. Palumbo and coworkers
developed this idea into a robust process, known as grain
boundary engineering (GBE) [8, 9].

GBE has been implemented mainly by thermo-
mechanical processing of bulk materials, using either strain
recrystallization or strain annealing processes [10]. The
choice of temperature and treatment sequence is generally
dependent on intrinsic material characteristics and can be
tailored for individual purposes. For example, by control-
ling thermo-mechanical process parameters such as the
amount of introduced strain and recrystallization temper-
ature, Lin et al. [11] and Lehockey et al. [12] have
improved the intergranular corrosion resistance in nickel-
based alloy 600 and alloy 625 by a multi-step (iterative)
strain recrystallization process. Kumar et al. [13] and
Schuh et al. [14] showed the influence of similar multi-step
treatments on the evolution and connectivity of potentially
resistant grain boundary networks in alloy 600. Tha-
veeprungsriporn et al. [15] and King et al. [16] have
reported the evolution of twin variant grain boundaries
(£3", 0 <n < 3) in Type 304 stainless steel and copper
using iterative and single-step strain annealing processes,
respectively. Low-strain (i.e., less than 10%) thermo-
mechanical processing with annealing treatments in the
lower homogeneous temperature regime has also shown the
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potential to significantly increase the fraction of low X CSL
boundaries in austenitic stainless steel [17, 18] and nickel-
base alloy 800 [19]. Engelberg et al. observed three con-
secutive stages in the microstructure development with
progressive annealing periods after low-strain processing
[18]. GBE of Type 304 austenitic stainless steel has been
shown to improve the resistance to intergranular stress
corrosion crack nucleation, through the development of
crack bridging [20-23]. Crack bridging was caused by non-
sensitized grain boundary segments, which tended to be
produced by the growth of annealing twins. Increasing the
fraction of twins increased the frequency of such bridges.
Modelling of this mechanism of stress corrosion cracking
shows that grain refinement and an increase in the fraction
of resistant boundaries, gave an increase in SCC resistance,
particularly for short cracks [20-23].

Thermo-mechanical processing, either by cold rolling
reduction or tensile straining followed by annealing treat-
ments, is commonly used for grain boundary engineering.
However, there is a range of new processes under inves-
tigation. These include, for instance, the application of
external shear stresses [24] and the superposition of mag-
netic fields during annealing [25, 26], or the application of
new process routes, such as equal-channel angular pressing
[27]. An alternative process route for GBE comprises the
introduction of relatively shallow surface strains, followed
by thermal treatments, since it is also desirable to grain
boundary engineer the surface of complex shaped compo-
nents. For instance, Wang et al. have improved the
mechanical properties and corrosion resistance of Type 304
by sand-blasting and annealing [28]. The application of
shot peening without subsequent annealing has also been
reported to improve the corrosion resistance through the
formation of a nanocrystallized layer on the surface of
Type 316L and 1Cr18Ni9Ti stainless steels [29, 30]. The
depth of the modified microstructure was of the order of
30 um. Limoges et al. [31] showed that the corrosion
resistance of alloy 625 can be significantly increased
through the application of high-intensity shot peening
cycles, each followed by short recrystallization heat treat-
ments. It is believed that the later iterative “beating and
heating” process produces populations of up to 60-70%
“special” grain boundaries in the near surface region [32].

The introduction of gradual surface plastic strains with
increasing depth, and the influence of subsequent annealing
treatments on the nearsurface microstructure development
are, however, not fully understood. The aim of this study
was to investigate the effect of shot peening and the
influence of subsequent annealing on the development of
grain boundary engineered nearsurface microstructures in
Type 304 austenitic stainless steel. Comparisons with bulk
thermo-mechanically processed microstructures of the
same material are also introduced.

Experimental

The material used in this study was a mill annealed Type
304 austenitic stainless steel. The chemical composition
(Wt.%) is given in Table 1. A rectangular specimen, mea-
suring approximately 100 mm x 100 mm x 12.5 mm
was treated by conventional shot-peening. Samples were
removed for analysis in the as shot-peened condition and
after subsequent annealing treatments at either 900 °C for
30 min or 1,050 °C for 10 min. After annealing, all spec-
imens were cooled in air to room temperature. Bulk
processed specimens of the same Type 304 material were
uni-directionally cold rolled with a reduction of 15%, fol-
lowed by the same annealing treatments as the shot-peened
samples. Table 2 gives an overview of samples
investigated.

Residual stress measurements of the shot-peened mate-
rial were carried out with a Bruker X-ray diffractometer,
using Cr—Ko radiation at 30 keV. This analysis is based on
the sin21// method for which the residual stress was calcu-
lated by using five y-angles from 0 to 40°. A Young’s
modulus E =210 GPa and a Poisson’s ratio of 0.3 was
used for the conversion of the measured strains into elastic
stress. Residual stress depth profiling was achieved by
successively electropolishing an area of 1 cm” in 92%
(vol.) acetic acid and 8% (vol.) perchloric acid. Measure-
ments were carried out to a depth of 320 um, with intervals
of 20-30 um. The residual stress data obtained as a func-
tion of depth were not corrected for stress relaxation which
occurred as a result of material removal.

A Philips X-Pert X-ray diffractometer with Cu-Ko
radiation at 50 keV was used to investigate the presence of
martensite in the near surface region on the perpendicular
section of the heat-treated and as-received shot-peened
samples.

Table 1 Chemical composition (wt.%) of the Type 304 stainless
steel plate

Cr Ni Si Mn C S N Fe

18.15 8.60  0.45 1.38 0055 0.005 0.038 Bal.

Table 2 Process route of investigated samples

Sample Process route Heat treatment
0 As-received -

Shot Peened -
2a Shot Peened 900 °C/30 min
2b Shot Peened 1,050 °C/10 min
3a 15% Cold Rolled 900 °C/30 min
3b 15% Cold Rolled 1,050 °C/10 min

@ Springer



1272

J Mater Sci (2008) 43:1270-1277

An HKL-EBSD system, interfaced to a Philips XL-30
FEG-SEM, was used for EBSD analysis, by using a step
size of 2 um, with typical exposure times of 50-70 ms.
The shot-peened and annealed, and shot-peened samples
were assessed in sections perpendicular and parallel to the
treated surface. Perpendicular assessments were carried out
in three adjacent areas measuring 100 pm x 400 pm,
located directly below the shot-peened surface, in order to
determine the microstructure development with depth.
Parallel assessments were carried out at depths of
30 £ 10 pm and 90 £ 10 pm, with respect to the original
shot-peened surface. All bulk-processed specimens were
assessed along the middle fibre in sections perpendicular to
the rolling direction, with an area of at least
500 pm x 500 pm.

Analysis of the EBSD data was carried out with an in-
house developed software (Vmap [33]). Grain size mea-
surements considered all high-angle (>15°) grain
boundaries, including twin grain boundaries (£3). Uncer-
tainties of grain size measurements include one standard
deviation, typically from at least 30 linear intercept mea-
surements. The Brandon deviation criterion (0 = « 0, ™2,
o = 1) was used to define the maximum allowed deviation
from exact CSL misorientation [34]. Grain boundaries up to
229 were regarded as low-X CSL boundaries, and are given
as number fractions. The grain boundaries were divided into
different groups, comprising Low Angle Grain Boundaries
(LAGB-X1), twin (X3) and higher order twin grain
boundaries (£9 and X£27). All LAGBs were characterized
between 2° and 15°. All data sets were also assessed with a
tighter deviation in the Brandon criterion (a = 0.5), to
determine the proximity of the twin (X£3) and higher order
twin population (29, 227) to their optimum misorientation.
This assessment thus excludes a fraction of the grain
boundaries that are geometrically further away from their
optimum misorientation.

Results and discussion
As-received parent material

The as-received material (Sample 0) had a grain size of
15.8 £ 2.5 pm. The GBCD and proximity data of the twin
variant grain boundaries are given in Table 3. Moderate
fractions of low-X CSL grain boundaries (X£1-X29) were
present in the parent material before shot peening, with
mostly £3 twin grain boundaries, and only a low propor-
tion of higher order twins (29, ¥27) and LAGBs (Z1). The
low population of LAGBs reflects the mill annealed,
recrystallized material condition. Low fractions of higher
order twin grain boundaries imply that the microstructure
had not been modified by multiple twinning, since high

@ Springer

Table 3 Gain boundary character distribution and proximity of the
as-received parent material

$1-329 3 $9, 327 LAGB (Z1)
374+£16% 230+£12%  47+03% 40+ 05%
(9.3 %) (21.6 %)

The values in brackets show the relative fraction of grain boundaries
outside the tighter deviation criterion (x = 0.5), and gives information
about the deviation of grain boundaries. Uncertainties reported
include the minimum and maximum of two assessed regions

populations of X9 and X27 grain boundaries are generally
indicative of grain boundary engineered microstructures
[10]. Most twin (>90%) and higher order twin grain
boundaries (~80%) had deviations close to their optimum
misorientation.

Effect of shot peening

Residual stress depth profiles of the shot-peened sample
(Sample 1) in the longitudinal and transverse directions are
shown in Fig. 1. The residual stresses are compressive up
to a depth in excess of 300 um, with the highest stress close
to the shot-peened surface (region a). No transition to
tensile stresses was observed in the regions close to the
surface, and the data analysis was terminated due to
inconsistency in signal intensity at a depth of 320 um. The
peak widths at half maximum (FWHM) for the five
y-angles are shown in Fig. 2. The peak width is highest at
the surface and decreases with increasing depth. This
indicates that the maximum plastic deformation is located
at the surface of the material. Variations of the peak width
for the five -angles can be attributed to inhomogeneous
surface strain distributions.

200

(a) (b) (c)
-200
-400
-600

-800

Residual Stress (MPa)

-1000

—e— Longitudinal
—O— Transverse

-1200 + T T T
0 100 200 300 400

Depth (um)

Fig. 1 Residual stress depth profiles on the shot peened sample
(sample 1) in the longitudinal and transverse directions. The depth
profile is divided into 3 regions (a,b,c) of 100 um depth each
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Fig. 2 Peak widths at half maximum (FWHM) for the five- y angles
with respect to the shot-peened surface. The three regions of Fig. 1
(a,b,c) are superimposed

The magnitude and location of the observed residual
stress and FWHM profiles highlight the gradual change of
introduced strains and plastic deformation with depth.
Significant strain is only observed within 200 um of the
surface. The potential for strain-driven microstructural
changes is therefore the highest in a region close to the
shot-peened surface. The obtained data are in reasonable
agreement with literature data of other shot-peened Type
304 materials [35, 36]. XRD measurements at the surface
of the samples for phase identification revealed no mar-
tensite in the microstructure of the material, with detected
peaks corresponding to the austenite phase only.

An EBSD map of the grain boundary network of peened
sample (Sample 1) was taken perpendicular to the top edge
of the shot-peened surface. The map is divided into three
horizontal regions with 100 um height (a, b, c¢) and the
GBCD data with average corresponding grain size and
proximity data for each of the regions are summarized in
Fig. 3. Adjacent to the surface, the grain size was
approximately 18 + 8 pum, increasing to approximately
30 £ 20 pm in the bulk microstructure. Clusters of small
grains, located directly beneath the shot-peened surface and
the relatively small assessment area, are probably the rea-
sons for the large variations in grain size observed.
Increased fractions of LAGBs are also apparent in the
region close to the shot-peened surface. The GBCD shows
that the total fraction of low-X CSL grain boundaries is the
highest near the surface (68%). This is due to the high
fraction of LAGBs introduced through the shot peening,
which dominate the other boundary distributions. Region b
and c have significantly reduced fractions of LAGBs, with
twin fractions of approximately 40 and 30%, respectively.
An increased population of higher-order twin grain
boundaries (29, X£27) is apparent in region b. This may
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Fig. 3 (a) GBCD of the three horizontal regions (a,b,c) of sample 1.
Each region has a height of 100 pm, with region (a) closest to the
shot-peened surface. (b) Relative proximity of the twin and higher
order twin fractions, showing the population of boundaries further
away from their optimum misorientation

either be related to a transition of the highly strained sur-
face layer to the base material, or more likely
microstructural heterogeneities of the small assessment
area. Close to the shot-peened surface, most twin (X3) and
higher order twin (X9, £27) grain boundaries have devia-
tions far off their optimum misorientation. This is likely to
be related to an accumulation of dislocations at grain
boundaries, producing local lattice rotations [37, 38].

An EBSD grain boundary map of a section parallel to
the shot-peened surface at a depth of 90 & 10 pm is shown
in Fig. 4. The microstructure had a low CSL (£1-29) grain
boundary fraction of 74.6%, with 63.3% LAGBs (X1) and
only 9.4% (X3) twins, with a grain size of 24 um. The
population of LAGBs clearly dominated the microstructure
at this depth. Reassessment of the data, by excluding the
LAGB population, gave a twin (X3) frequency of ~19%,
from which a total of 72% had deviations far away from
their exact misorientation (larger than 0.5 Brandon).
Figure 4 also highlights some inhomogeneously distributed
regions with high densities of LAGBs, and accumulation of
LAGBs at some high-angle grain boundaries. The assessed
section at a depth of 90 & 10 um yielded reasonable
results (>80% indexing) with an exposure time at each
analysis point of 300 ms, followed by frame averaging. A
similar approach was applied to the parallel section at a

@ Springer
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Fig. 4 EBSD grain boundary map parallel to the shot-peened surface
of sample 1 at a depth of 90 £ 10 pm. LAGBs are shown with thin
green lines, twins and higher order twins with thick red and blue lines,
respectively, and all remaining grain boundaries with black lines

depth of 30 & 10 um, but yielded indexing rates below
30%. This was attributed to the presence of significantly
increased plastic strains closer to the shot-peened surface.

The gradual change of the residual stress and FWHM
profiles with depth is therefore reflected in the effect of
LAGBs on the different grain boundary populations of the
three assessed regions, and the decrease in measured
deviations of the twin and higher order twin grain
boundaries.

Effect of annealing after shot peening

Shot-peened samples were annealed at 900 °C for 30 min
(Sample 2a,) and 1,050 °C for 10 min (Sample 2b). XRD
analysis did not detect any martensite in these micro-
structures after annealing. EBSD grain boundary maps of
both samples were taken perpendicular to the shot-peened
surface. The grain size, GBCD and deviation data of the
perpendicular regions are summarized in Figs. 5 and 6,
respectively.

The total fractions of low X CSL boundaries in the three
perpendicular sections after annealing at 900 °C are similar
with, however, a higher fraction of LAGBs closer to the
shot-peened surface (Fig. 5, region a). This indicates that
the annealing treatment at 900 °C was not able to com-
pletely recover the introduced plastic strain. A comparison
between region b and c of the shot-peened sample (Fig. 3)
with the comparable regions after annealing at 900 °C
(Fig. 5) shows that no significant grain growth has occur-
red. The average grain size near the surface of sample 2a
remains slightly smaller than in the bulk, with clusters of
smaller grains surrounded by larger grains. The grain size
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Fig. 5 (a) GBCD of the three horizontal regions (a,b,c) of sample 2a.
Each region has a height of 100 um, with region (a) closest to the
shot-peened surface. (b) Relative proximity of the twin and higher
order twin fractions, showing the population of boundaries further
away from their optimum misorientation

differences may have been caused by in-homogeneously
distributed strain, which can result in local recrystallization
[39, 40]. This is consistent with the presence of increased
populations of LAGBs in some grains, whereas other
grains appear free of LAGBs.

All three perpendicular regions of sample annealed at
1,050 °C indicate similar microstructures. This is also
apparent in the GBCD in Fig. 6. The strains introduced
through shot peening have been relieved by annealing,
which is also reflected in significantly decreased LAGB
populations. The measured grain size was around 30 pum in
all assessed regions, with, however, significant deviations.

The annealing treatment had also affected the proximity
data for the twin variant population. There is a slight trend
of decreasing deviation with depth for the twin boundary
population after annealing at 900 °C (Fig. 5), whereas
almost all twins are close to their optimum misorientation
after annealing at 1,050 °C (Fig. 6). The higher order twin
fraction show more exact deviations closer to the shot-
peened surface. However, there is small number of higher
order twin grain boundaries in these samples, and these
data are judged not to be significant. The small population
of higher order twin boundaries in Figs. 5 and 6 indicate
that both annealed microstructures did not undergo multi-
ple twinning.
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Fig. 6 (a) GBCD of the three horizontal regions (a,b,c) of sample 2b.
Each region has a height of 100 um, with region (a) closest to the
shot-peened surface. (b) Relative proximity of the twin and higher
order twin fractions, showing the population of boundaries further
away from their optimum misorientation

Figures 7 and 8 show parallel sections of both annealed
samples at a depth of 30 pm and 90 pum, respectively.
Figure 9 gives the corresponding grain sizes and GBCDs.
A comparison between both microstructures shows sig-
nificant differences. The lower annealing temperature
(Sample 2a) yields smaller grain sizes, with even a sig-
nificant decrease at a depth of 90 um. This effect of depth
may be related to slower recrystallization kinetics with

Fig. 7 EBSD grain boundary
map parallel to the shot-peened
surface of sample 2a and sample
2b at a depth of 30 + 10 pum.
LAGBSs are shown with thin
green lines, twins and higher
order twins with thick red and
blue lines, respectively, and all
remaining grain boundaries with
black lines

900°C/30min.

decreasing plastic deformation (Fig. 2), in particular with
heat treatments in the lower recrystallization temperature
regime [39, 40]. In contrast, annealing at 1,050 °C gave
similar grain sizes and GBCDs at both assessed depths.
These observations confirm the results of the perpendicular
assessment (Figs. 5 and 6), which indicated large varia-
tions in the three assessed regions of sample 2a, but not in
sample 2b. The minor differences in grain size and mea-
sured GBCDs between the perpendicular and parallel
assessments are attributed to the gradual change of
microstructure with depth, and the smaller assessment
areas in the perpendicular sections.

Figure 9 shows a direct comparison of the microstruc-
ture characteristics after bulk thermo-mechanical
processing and shot peening with annealing. A reduction of
15%, followed by an annealing treatment at 1,050 °C for
10 min gave similar microstructure characteristics as the
same heat treatment after shot peening at a depth of 30 pm
and 90 um (Sample 2b).

The observed variations of the microstructures show the
possibility to develop a range of surface modified micro-
structures through the introduction of nearsurface strains by
peening with subsequent annealing treatments. The resul-
tant microstructure in the vicinity of the surface after
annealing at 1,050 °C, for example, is relatively insensitive
to the level of plastic strain. In this work, the applied heat
treatments were not tailored to induce multiple twinning.
These can be achieved using small strains and similar
annealing temperatures in bulk samples, although there is
an effect of strain path on the required time for the onset of
multiple twinning [41]. Further study is therefore required
to identify the necessary conditions for multiple twinning
in peened samples. The work presented here has demon-
strated, however, that a combination of controlled
introduction of surface strains with annealing has the

1050°C/10min.
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Fig. 8 EBSD grain boundary
map parallel to the shot-peened
surface of sample 2a and sample
2b at a depth of 90 £ 10 pm.
LAGBs are shown with thin
green lines, twins and higher
order twins with thick red and
blue lines, respectively, and all
remaining grain boundaries with
black lines

900°C/30min.
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Fig. 9 GBCD of parallel regions of sample 2a and 2b at a depth of
30 &+ 10 pm and 90 £ 10 um. The GBCD of the bulk thermo-
mechanical processed samples (Sample 3a, 3b) are shown for
comparison

potential for surface grain boundary control in stainless
steels. In the current work, a depth of around 100 pm was
modified. It is likely that deeper strain profiles, for instance
through the application of deep rolling [35], may be uti-
lized to twin modify surface layers to a greater depth.

Conclusions

e Shot peening of Type 304 austenitic stainless steel
induced a gradual change of grain size and grain
boundary character distribution with depth.

e Twin (X3) and higher order twin (29, X27) grain
boundaries showed larger deviations from their opti-
mum misorientation closer to the shot-peened surface.
High fractions of low angle grain boundaries are also
measured, due to the introduction of plastic strain.

e Subsequent annealing at 900 °C produced strong
microstructure  variations with  depth, whereas

@ Springer

1050°C/10min.

annealing at 1,050 °C gave relatively uniform micro-
structure characteristics, comparable to those achieved
by cold rolling and annealing of bulk samples.

e Combined shot peening and annealing may be used to
surface modify the microstructure of Type 304 austen-
itic stainless steel.
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