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Effect of Strain on Microstructure Evolution of 1Cr18Ni9Ti
Stainless Steel During Adiabatic Shearing

Y. Yang, L.H. Jiang, S.H. Luo, H.B. Hu, T.G. Tang, and Q.M. Zhang

(Submitted July 27, 2015, in revised form October 12, 2015, published online December 1, 2015)

Dynamic shear test was conducted on the hat-shaped specimen of the thermo-mechanical-processed
1Cr18Ni9Ti stainless steel by using the split Hopkinson pressure bar at ambient temperature. The effect of
the shear strain on the microstructure evolution was investigated during adiabatic shearing. The results
revealed that the development of adiabatic shear localization went through three stages, including the
incubation period, the development stage, and the maturity period. TEM observations showed that the
grains in the shear region were elongated, and the elongated grains were gradually evolved into equiaxed
nano-grains of 100 nm as shear strain increased. The rotational dynamic recrystallization Kinetics calcu-
lation showed that subgrains had sufficient time to generate an equiaxed microcrystalline structure by
rotation within the deformation time. Based on the observation of the evolution of dislocations and sub-
grains in the adiabatic shear region, a model of the microstructure evolution was established during the

adiabatic shearing.

Keywords adiabatic shearing, microstructure evolution, split
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1. Introduction

Adiabatic shearing is a common form of localized plastic
deformation under high strain rate, and frequently appears at
the high strain rate deformation involving the impact loading,
such as, high-speed impact, penetration, erosion, high speed
cutting, high-speed molding, and explosive cladding (Ref 1-3).
The adiabatic shear bands (ASBs) have been observed in
titanium alloy (Ref 4, 5), aluminum alloy (Ref 6, 7), and steel
(Ref 8-10). The strain rate is so high (up to 10%-107/s) and the
deformation time is very short during adiabatic shearing. Thus,
it is difficult to observe microstructure evolution process during
adiabatic shearing. Researchers can only speculate a corre-
sponding microstructure evolution process during adiabatic
shearing with the observed final microstructure.

Andrade et al. (Ref 11) analyzed the microstructure of ASB in
copper by using TEM and diffraction analysis. He found that
there were nano-grains in the center of ASB, and the diffraction
pattern was closer to the ring-like as the grains got towards the
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center of ASB, which indicated that these small equiaxed grains
had large misorientation, and the process was owed to the
dynamic recrystallization. RDR mechanism was proposed by
Meyers et al. (Ref 8) and was validated by Yang (Ref 3, 12) in the
titanium alloy and 7075 aluminum alloy. Xue etal. (Ref9, 13, 14)
studied the development of ASB and the microstructure charac-
teristics of post-shear localization in cold-rolled 316L stainless
steel, and pointed out that well-developed shear bands were
comprised with a mixture of equiaxed, rectangular, and elongated
sub-grains. Dynamic or static recovery and continuous dynamic
recrystallization were thought to be the main mechanisms for the
substructures formed inside the shear bands. Meyers et al. (Ref 8,
9) studied the microstructure characteristics of ASBs in austenitic
stainless steel. However, the effect of strain on the microstructure
evolution during adiabatic shearing has been rarely reported.

The microstructure evolution of 1Cr18Ni9Ti austenitic
stainless steel with different shear strains during adiabatic
shearing was studied in the present work.

2. Experiments

Table 1 shows the chemical composition of 1Cr18Ni9Ti
stainless steel used in this work. The as-received material was
annealed in the ammonia decompositionfurnace at the temper-
ature of 1323 K for 50 min, then water quenched, following
cold rolled (total 5% deformation), and annealed in inert gases
at 1198 K for 72 h and finally water quenched.

The hat-shaped specimens of the 1Cr18Ni9Ti stainless steel
were dynamically compressed by using a split Hopkinson
pressure bar (SHPB). The material of the incidental bar, the
transmission bar, and the striker bar of the SHPB are all
martensitic steels, and they all have the same diameters of
14.5 mm. The length of the incidental bar, the transmission bar,
and the striker bar are 1200, 1000, and 200 mm, respectively.
The apparatus figure is schematically showed in Fig. 1(a). Hat-
shaped specimens were used to generate high shear strains in a
localized region. The stop ring with different heights of 0.9,
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Table 1 Chemical composition of 1Cr18Ni9Ti stainless steel

Element C Si Mn P S Ni Cr Mo other
Content (wt/%) <0.12 < 1.00 <2.00 <0.035 <0.030 8.00-11.00 17.00-19.00 Ti 5*(C%-0.02)-0.80
8
Specimen —»| [® Specimen
Output Bar Input Bar |:> Output Bar
- S =

Stop Ring

(a)

Adiabatic shear zone

(b)

Fig. 1 Schematic diagram of SHPB test. (a) SHPB, (b) hat-shaped specimen

1.1, and 1.5 mm was used to control the shear strains of the hat-
shaped specimens. Thus, the displacements of the hat-shaped
specimens were controlled and they were 1.1, 0.9, and 0.5 mm,
respectively. Consequently, the adiabatic shear deformation of
hat-shaped specimens will be “frozen” in different stages
during the development of ASBs. The deformation process of
hat-shaped specimen was considered as the cylinder compres-
sive process. And the nominal shear strain (y) can be calculated
from the following formula (Ref 15):

y=20/x (Eq 1)

where 8 is the displacements (or compression reduction) of the
hat-shaped specimen; x = (d; — d,)/2, d; and d, are the dimen-
sions of hat-shaped specimen, as shown in Fig. 1(b). The calcu-
lated nominal shear strains are 2.0, 3.6, and 4.4, respectively.
Figure 1(a) illustrates the process of adiabatic shear deforma-
tion. The specimen was loaded at 293 K in this work.

According to the following equations (Ref 5), the electrical
signals during the adiabatic shear deformation would be
converted into true stress-strain curve:

E()dizet (t)

L(d; + do) (Ea 2)
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where Ej is the elastic modulus of steel (£, = 200 GPa), C,
is the longitudinal wave velocity(Cy = 5000 m/s), L and W
are the length and width of the shear band, d; and d, are the
geometrical parameters of the hat-shaped specimen, as shown
in Fig. 1(b), and e, (f) and e, (f) are strain of reflected and
transmitted stress pulse on the split Hopkinson pressure bars.

The optical metallographic microscopes of the specimens were
observed with POLYVAR-MET. The chemical attack for speci-
mens was a solution of 20 mL HF + 10 mL HNO; + 70 mL
H,O0. After hand-grinding, the sample was reduced to a thickness
of'about 50 pm, and then the foils were perforated upon the shear
band by ion thinning in Gatan 691 Ion Milling at 243 K. TEM
observations were carried out with a FEI Tecnai F30 transmission
electron microscope and were operated at 300 kV.
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3. Results and Discussion

3.1 Dynamic Stress-Strain Response and Thermal-
Mechanical Parameters in the Shear Region

The starting time for ASB formation was just the instant
when the strain rate reached the first vibration peak of reflection
signal, and ended with last vibration peak of transmission
signal (Ref 13). The strain rate within the shear band can be
determined from Eq 3. The relation between the true flow stress
and true strain in the shear region is shown in Fig. 2, which was
obtained by using Eq 2-5.

The average strain rate during adiabatic shear deformation
can be calculated from Fig. 2(a). It is about 5.0 x 10° and
5.2 x 10%/s corresponding to the nominal shear strain of 3.6 and
4.4, respectively, which are extremely high in comparison with
1073-10""/s during quasi-static deformation. The true stress-
strain curve of specimens is shown in Fig. 2(b). And the curve
illustrates the adiabatic shear characteristic of the stainless steel.
It can be divided into three parts: first, the true flow stress
increases with the strain hardening; then the true flow stress
changes with small fluctuation as the strain hardening and
thermal softening reach equilibrium. The highest true stress
reached 1205 and 1402 MPa, respectively; the thermal soften-

ing effect exceeded the strain and strain rate hardening, which
resulted in the thermo-visco-plastic instability, and then the
ASB was formed.

The adiabatic temperature rise in ASB is a significant
parameter for the formation of an ASB and the microstructure
evolution. When the strain rate is greater than 10°/s, the
deformation process of the whole shear area can be considered
as the adiabatic deformation. As calculated above, the average
strain rate is as high as 5.0 x 10°/s; thus, adiabatic temperature
rise can be calculated by following equations (Ref 16):

Ti:To-l—pZ, S; (Eq 6)

v

~ Agi x (0;+ 0(111))
N 2
where Ty, p, C,, n, v, and G are room temperature, the den-

sity, heat capacity, work to heat conversion coefficient, strain,
and flow stress, respectively. For 1Cr18Ni9Ti stainless steel,

S; (i=1,23..) (Eq 7)
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C, =500 J/(kg’K) (Ref 17), p = 7850 kg/m>. Generally, the
work to heat conversion coefficient mn is 0.9. Here,
To =293 K.

S; is the plastic work per unit area. The dynamic response
data in the shear band shown in Fig. 2(b) can be divided into
lots of continuous blocks with strain increment, and the area of
each block (S;) can be calculated by Eq 6. The temperature-
time curve can be constructed by substituting S; into Eq 6, as
shown in Fig. 3. It should be noticed that the maximum
adiabatic temperature rise of the nominal shear strain y = 3.6
and 4.4 are 954 and 985 K, respectively.

3.2 Microstructure Characteristics with Different Nominal
Shear Strains

As shown in Fig. 4(a), the grains in the unloaded specimen
were quite large with size of ~280 pum, and the annealing twins
were less. The metallograph of specimens loaded by SHPB are
shown in Fig. 4(b)-(d). ASB began to nucleate from the
specimen geometric position, and then gradually extended
inward. With the increase of nominal shear strain, the shear
region gradually becomes clear, and the ASB width increases
constantly. The width value of ASB measured through optical
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Fig. 2 (a) Strain rate-time curve; (b) true stress-strain curve with nominal shear strain of 3.6 and 4.4
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Fig. 4 Optical micrograph of specimens (a) specimen before loading; specimens after loading with nominal shear strain of 2.0, 3.6, 4.4 are (b),

(¢), (d), respectively

Table 2 ASB width of specimen with different nominal
shear strains

Nominal shear strain y ASB width (um)

2.0 0
3.6 154
44 18.7

microscopy (OM) is listed in Table 2. Combined with Fig. 4
and Table 2, it can be determined qualitatively that the
specimens with nominal shear strain of 2.0, 3.6, and 4.4 were
at the three stages, which were the initial stage, the develop-
ment period, and the maturity period, respectively.

Figure 5 shows the TEM morphology of the specimen with
the nominal shear strain of 2.0. Figure 5(a) is the bright field
image of the shear region and the corresponding selected area
electron diffraction pattern (SAED). Combined with the dark
field image (Fig. 5b), it was confirmed that the grains were
elongated austenite in the shear region. The short axis width of
the elongated grains was about 110 nm. And the corresponding
SAED was proved to be a single crystal diffraction pattern.
Twins were observed in the matrix near the shear area (Fig. 5c),
and corresponding SAED is shown in Fig. 5(d).

Figure 6 shows the TEM morphology of the specimen with
nominal shear strain of 3.6. Figure 6(a) is the bright field image
of the shear region at the development stage. Combined with
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the dark field image (Fig. 6b), it can be observed that some
equiaxed subgrains appeared among the elongated austenite
grains in the shear band, and the dislocation density in
subgrains was also much higher. The short axis width of the
elongated grains was about 100 nm. As compared with
Figs. 5(a) and 6(a), it can be seen that the short axis width of
elongated austenite grains decreased with the increase of
nominal shear strain. As seen in Fig. 6(c), the corresponding
SAED was a discontinuous ring, meaning that there existed a
large number of elongated grains in the shear band, and part of
which were split into sub-grains with large misorientation.

The average strain rate of the specimen with nominal shear
strains of 3.6 was 5.0 x 10°/s and the maximum of true stress
reached 1205 MPa, which provided suitable conditions for the
adiabatic shear deformation. Figure 3 shows that the adiabatic
temperature rise reached 954 K (0.557,,, Ty = 1713 K), which
was higher than the recrystallization temperature of austenite
stainless steel (0.4-0.57),,), that provided temperature condition
for the dynamic recrystallization in ASB.

Figure 7 shows the TEM morphology of the specimen with
nominal shear strain of 4.4. Figure 7(a) is the bright field image
of the shear region in mature stage. Combined with the dark
field image (Fig. 7b), it can be observed that equiaxed
subgrains with size of about 100 nm appeared among the
shear band, and the dislocation density in subgrains was still
high. The short axis width of elongated grains was about
100 nm, just the same as the specimen with nominal shear
strains of 3.6. The short axis width of elongated grains
decreased with the increase of nominal shear strain and finally
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Fig. 5 Adiabatic shear morphology of specimen with the nominal shear strain y = 2.0. (a) the bright field image and the corresponding SAED
pattern; (b) the corresponding dark field image; (c) the twins in the matrix near the shear area; (d) the corresponding SAED pattern of twins

reached about 100 nm as compared with Figs. 5(a) and (b),
6(a) and (b), 7(a) and (b). And the equiaxed grain has the
same grain morphology of dynamic recrystallization. The
corresponding SAED (Fig. 7c) was polycrystalline diffraction
pattern, and was more continuous than that with nominal
shear strain of 3.6 (Fig. 6¢). It indicated that when nominal
shear strain reached 4.4, the grains were much finer than those
of the specimens with nominal shear strain of 2.0 and 3.6.
And a large number of fine grains with high-angle boundary
were observed in ASB.

The average strain rate of the specimen with nominal shear
strains of 4.4 was 5.2 x 10%/s, as shown in Fig. 2, and the
maximum of true stress reached 1402 MPa, which provided
conditions for the adiabatic shear deformation. Figure 3 shows
that adiabatic temperature rise reached 985 K (0.577T,), which
was higher than the recrystallization temperature of austenite
stainless steel (0.4-0.57;,), providing the temperature condition
for the dynamic recrystallization in ASB.

Journal of Materials Engineering and Performance

3.3 Kinetics CGalculation for Formation of the Nanograins by
RDR Mechanism

The microstructure within the adiabatic shear zone (as
shown in Fig. 4) has similar equiaxed nanograins to the
characterization of various materials during dynamic shearing.
The classical recrystallization mechanisms, such as the high-
angle grain boundary migration mechanism and the sub-grains
coalescence mechanism cannot explain the possibility of the
instant and sharp refinement of grains in kinetics. They are at
least 3 to 4 orders of magnitude slower than the adiabatic
temperature curve. In response to this question, scholars have
proposed multiple kinds of new mechanism for dynamic
recrystallization. However, it is now widely recognized that
RDR mechanism proposed by Meyers et al. (Ref 8) is more
reasonable in kinetics. The recrystallized grains were formed by
the driving force of interface energy, which was described as
the following equations (Ref 8):
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Fig. 6 Adiabatic shear morphology of specimen with the nominal shear strain y = 3.6. (a) the bright field image (b) the corresponding dark

field image; (c) the corresponding SAED pattern

 LKTf(0) LiKTF(0)
- l45nD = 2omDy ;xp(—Qb JRT) (Eq 8)
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where ¢ is the time of dynamic recrystallization, 7 is the tem-
perature, & is the thickness of grain boundaries, 1 is the grain
boundaries energy, and Dy is a constant associated with grain
boundary diffusion. L; is the average size of subgrains
(0.1 pm), QO is the diffusion activation energy of solute
atoms, and 0 is the subgrain misorientation. In this work, the
parameters used in Eq 8 are & = 0.5 nm (Ref 8), 1 = 0.625 J/m?
(Ref 8), Dy=17.8x 107> m/s (Ref 8), Oy = 167 kJ/mol
(Ref 8), k= 1.38 x 1073 J/K, R = 8.314 J/mol.

According to RDR mechanism, the grain boundaries need to
rotate about 0.523 radians (30°) to form recrystallized grains. The
refined grain was caused by the rotation of subgrain boundaries.

(Eq 9)

2 —
L2
3
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The value of 6 ranges from 0° to 30°. The combination of above
equations can get the results, and different grain sizes under
different temperatures are executed by recrystallization kinetic
calculation. Figure 8(a) shows the time of forming refined grains
with an average grain size of 100 nm when temperature varied
from 0.457T, to 0.557,,,. Figure 8(b) shows the time of forming
average grain size, which varied from 100 to 300 nm at 0.557,,.
According to the calculation results, the time of forming refined
grains with an average size of 100 and 300 nm were only finished
in 20 and 60 ps, respectively. The lower the temperature is, the
more time is needed to form the same size grains, while under the
same temperature, the lager the formed grains, the more time is
needed. According to Fig. 2(a), the entire adiabatic shear
deformation time sustained about 90.7 ps. That was to say, there
were enough time for broken grains to form equiaxed nano-grains
through the rotation of subgrains. Therefore, for the formation of
equiaxed grains with size of 100 nm within the adiabatic shear
zone in the present work, RDR mechanism can well explain the
possibility of instant (within about 90.7 ps) and sharp refinement
of grains size in kinetics.
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Fig. 7 Adiabatic shear morphology of specimen under the nominal shear strain y = 4.4. (a) the bright field image (b) the corresponding dark

field image; (c) the corresponding SAED pattern

3.4 Effect of Nominal Shear Strain on Microstructure
Evolution Within the Adiabatic Shear Zone

Effect of nominal shear strain on adiabatic shear deforma-
tion was mainly reflected in the degree of shear deformation,
adiabatic temperature rise, and the grains and dislocations
configurations within the shear zone.

It is obviously observed that the strain effect enhanced with
the increase of shear strain (Fig. 2a). It can be concluded that
the higher the strain was, the higher the adiabatic temperature
rise was. According to Fig. 2, the average strain rate in ASB
was 5.0 x 10° and 5.2 x 10°/s at nominal shear strain of 3.6 and
4.4, respectively, which were much higher than that under the
strain rate of 10 >/s quasi-static. However, according to Fig. 3,
the adiabatic temperature rise within ASB was 954 and 985 K
at the nominal shear strain of 3.6 and 4.4, respectively, which
were higher than the recrystallization temperature of the
stainless steel (0.4-0.57,,, T, = 1731 K).

Specimens would be kept in different adiabatic shearing
stages under different nominal shear strains loading (as shown
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in Fig. 4). Grains in the shear region were elongated along the
direction of shear deformation and the dislocations density had
a sharp increase at the initial stage (y = 2.0) (shown in Fig. 5a).
With the increase of nominal shear strain (y = 3.6), the
austenite grains were kept elongated along the direction of
shear deformation, and sub-grains with high dislocation density
were produced in these elongated austenite grains within ASB
(Fig. 6a). When the nominal shear strain was up to 4.4, most
elongated grains in ASB disappeared and were replaced by
equiaxed grains of an average size of 100 nm (Fig. 7a). Those
equiaxed grains with high dislocation density were produced
through RDR.

Considering the effects of shear strain on microstructure
evolution during adiabatic shear localization, it can be con-
cluded that original specimen contained coarse grains and had a
low dislocation density. As the nominal shear strain increased
(e.g., 2.0), grains in shear region were elongated along shear
direction and dislocation density where dislocation tangles or
cells were formed increased sharply. With further increase of
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Fig. 8 The kinetic curves of equiaxed grains produced by the rotation of subgrain boundaries. (a) The time of producing grains with average
size of 100 nm at different temperatures (b) the time of producing different grain sizes at the temperature of 0.557,
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Fig. 9 The schematic diagram about the effect of shear strain on the microstructure evolution during adiabatic shearing. (a) original grain, (b)
at a certain nominal shear strain (e.g., 2.0), grains within shear region elongated along the shear deformation, and the dislocation density in-
creased and dislocation tangle or cell formed within grain. (c) at large shear strain (e.g., 3.6), grains were elongated and rotated into high-angle
sub-grains, meanwhile dislocations and dislocation tangles produced within these sub-grains, and the process repeated as the shearing continuing.
(d) as the shear strain further increases (e.g., 4.4), the sub-grains within ASB were refined into equiaxed nano-grains
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nominal shear strain (e.g., up to 3.6), the sub-grains were
formed from dislocation cells, and then the sub-grains were
elongated with high dislocation density produced within them.
When the nominal shear strain reached 4.4, the adiabatic shear
deformation was still continuing; high density dislocation and
dislocation tangle were produced within sub-grains, and then
those sub-grains transform into high-angle sub-grains by
rotation. The above process was finally finished in the progress
of dynamic recrystallization (in Fig. 9).

4. Conclusion

(1) The hat-shaped specimens with different thickness of stop
ring were loaded at the same condition of dynamic defor-
mation, which made the hat-shaped specimens locate in
three stages of adiabatic shearing: the initial stage, the
development period, and the maturity period, respectively.
The ASB had not yet formed when the nominal shear strain
was 2.0, while the widths of ASB with nominal shear strain
of 3.6 and 4.4 were 15.4 and 18.7 pum, respectively.

(2) When the nominal shear strain was 3.6 and 4.4, the
average strain rate reached 5.0 x 10° and 5.2 x 10°/s™",
the true stress reached 1205 and 1402 MPa, and the adi-
abatic temperature rise were 954 and 985 K, respec-
tively. RDR kinetics calculation showed that subgrains
had sufficient time to generate an equiaxed microcrys-
talline structure by rotation within the deformation time.

(3) As the shear strain increased, the grains in shear region
were gradually elongated, dislocation density increased
and sub-grains formed, and the sub-grains formed into
high-angle sub-grains by rotation and eventually the
nano-grains (100 nm) were formed. A model of the
microstructure evolution during adiabatic shear localiza-
tion was established, which concerned the effect of the
shear strain on the adiabatic shear deformation.
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