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In this paper, the composition distribution characteristics in adiabatic shear bands (ASBs) of an «/8 dual
phase Ti-5.5Mo-7.2A1-4.5Zr-2.65n-2.1Cr alloy and its influence on dynamic recrystallization (DRX) were
investigated via atomic probe tomography. The results showed that in the ASB transition region, a clear
grain boundary (GB) in «/B interface was observed. However, in the ASB central region, a “fuzzy GB”
was formed in «/B interface, and abundant dislocations accumulated in the “fuzzy GB”. In addition, 8
stabilizing elements (Mo/Cr) became rather sparse in some local regions of 8 grains to form finer «
grains, while in some regions of « grains, local S stabilizing elements were enriched to form finer 8
grains, thus separating the original grains into finer DRX grains. The unique composition distribution
characteristics in «/B grains and «/f interface were defined as composition redistribution, which was
the combined result of localized plastic deformation and adiabatic temperature rise.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Adiabatic shear bands (ASBs) are local regions characterized by
severe plastic flow due to the plastic instability caused by strain
softening of materials, and they often lead to the failure of ma-
terials, such as titanium alloys [1-5], steel [6-8], aluminum alloys
[9,10], and copper alloys [11,12] under dynamic loading. Moreover,
due to a lower thermal conductivity, ASBs are easier to occur in
titanium alloys [13]. Therefore, the ASB formation mechanism in
titanium alloys has been a promising research field [14, 15].

At present, the researches on ASBs of titanium alloys are usually
based on the characterization and analysis of the ASB microstruc-
ture [16-19]. Wang et al. [20] investigated the adiabatic shear lo-
calization of a B-type Ti-5Al-5Mo-5V-1Cr-1Fe alloy. The results
showed that the ASB microstructure consisted of deformed ultra-
fine grains with high density dislocations. Yang et al. [21] found
that the formation of ultrafine grains in ASBs of Ti-1300 alloy was
induced by the rotating dynamic recrystallization. In our previous
work [22], the microstructure evolution process near ASBs of Ti20C
alloy was quantitatively characterized. The results proved that the
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microstructure softening was the main factor of adiabatic shear
failure.

In fact, the microstructure is closely related to the compo-
sition distribution characteristics. Prasad et al. [23] investigated
the microstructure evolution during the dynamic strain aging of a
near o-type 834 titanium alloy and found that the interstitial ele-
ment segregation was the internal reason of the defects. Gao et al.
[24] found that in Ti-9Mo-6W alloy, nano-scale 8 phase formed in
the enrich regions of Mo and W, while lamellar martensite and 8
phase formed in the poor regions of Mo and W. Han et al. [25] sys-
tematically explored the effect of Y on the microstructure of pure
titanium and revealed that the Y segregation at grain boundaries
(GBs) effectively inhibited the growth of recrystallization grains.
The research by Ruzic et al. [26] on Ti-12Mo alloy showed that
the Mo segregation eventually resulted in denser « phase. It
can be reasonably inferred that with the significant change of
microstructure, the composition of materials is inevitably redis-
tributed, that is, the composition redistribution occurs during the
ASB formation. However, the composition redistribution mecha-
nism and its influence on the DRX process are still unclear, and
the related researches have been ignored for a long time. There-
fore, in this paper, the dynamic compression tests utilizing SHPB
was carried out on an o+ dual phase Ti-5.5Mo-7.2A1-4.5Zr-2.6Sn-
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Fig. 1. The microstructure and composition distribution of the transition region. (a) TEM microstructure, (b) 5 at. % Mo isosurface, (c)-(h) three-dimensional composition
distribution of alloying elements, and (i) one-dimensional concentration profile along the direction of blue column in (b).

2.1Cr alloy. The composition distribution characteristics near ASBs
were quantitatively characterized by focusing ion beam (FIB) and
atom probe tomography (APT), and the composition redistribu-
tion mechanism and its influence on the DRX process were also
investigated.

The as-received material in the present study was an o+ dual
phase Ti-5.5Mo-7.2A1-4.5Zr-2.65n-2.1Cr (wt. %) titanium alloy. The
B-transus temperature was determined to be 985 °C+5 °C by met-
allographic method. The cylindrical specimen with a size of ¢5 x 5
mm was machined by wire cutting method, and the dynamic com-
pression tests were carried out on the cylindrical specimen at
room temperature and a strain rate of ~3000/s.

APT analysis for 3D element distribution was performed by a
CAMECA local electrode atom probe LEAP™ 4000X SI at a target
specimen temperature of 40 K, under a pulsing UV laser with a
pulse energy of 40-50 pJ, a pulse rate of 200 kHz, and an ion col-
lection rate of 0.6 % per pulse. A tip specimen (apex radius ~50
nm) for APT analyses was prepared by a Zeiss Auriga dual-beam
FIB/FEGSEM apparatus using a milling condition of 30 kV and 4
nA for grooving, and a condition of 30 kV and 50-600 pA for ring
cutting. The microstructure of the APT specimen was characterized
by a FEI-Technai G2 transmission electron microscope (TEM) at 300
kV accelerating voltage. Reconstruction and quantitative analysis of
the APT data were conducted on a CAMECA IVAS version 3.6.8 soft-
ware. The compositions of o phase and 8 phase were estimated by
averaging the core concentrations of the proximity histograms pro-
duced by reconstructing 5 at. % Mo isosurface.

The microstructure and three-dimensional composition distri-
bution of the transition region (the micro-deformation region be-
tween the ASB central region and the undeformed region, which
reflects the parent microstructure and the atom distributions at a
certain degree) are shown in Fig. 1. Fig. 1(a) indicates the TEM
microstructure of the tip specimen, which shows that inhomoge-
neous dislocations are distributed in the tip specimen. In fact, due
to the quite different element contents between « phase and B
phase, most dislocations are distributed in the GB of o phase and
B phase. The 5 at. % Mo isosurface of the tip is shown in Fig. 1(b).
It indicates that the tip exhibits obvious Mo segregation and is
composed of Mo-poor regions and Mo-rich regions with lamellar
features. Moreover, the Mo-poor regions and Mo-rich regions dis-
tribute almost parallel to each other, separating the tip into six
regions marked by symbols of G1-G6. Fig. 1(c)-(h) exhibits the
spatial distribution characteristics of Ti, Al, Cr, Zr, Mo and Sn. As
shown in Fig. 1(e) and (g), the poor regions of Mo and Cr are
clearly distinguished by the arrows. However, significant difference

of spatial distribution of Zr and Sn is not observed from Fig. 1(f)
and (h).

In order to identify the Mo-poor regions and Mo-rich regions,
the average compositions of the typical regions G2 and G3 are ob-
tained and listed in Table 1. The contents of Ti, Al, Cr and Mo in
G2 and G3 regions are obviously different. In G2 region, the aver-
age content of Al (10.72 at. %) is significantly higher than that in
G3 region (7.35 at. %). However, the average contents of Cr (0.30
at. %) and Mo (0.52 at. %) are much lower than that in G3 region
(Cr: 3.33 at. % and Mo: 6.79 at. %). Because Al is « stabilizing el-
ement, while Cr and Mo are f stabilizing elements. Therefore, G2
and G3 regions are determined as « phase and S phase, respec-
tively. Moreover, it can be further inferred that G4 and G6 regions,
which are similar to G2 region, are « phase, and G1 and G5 re-
gions, which are similar to G3 region, are 8 phase. The average
grain size of @ and B phases are about 30 nm and 50 nm, re-
spectively. In addition, as shown in Fig. 1(i), the one-dimensional
concentration profile along the blue column in Fig. 1(b) is ob-
tained and clearly indicates the distribution characteristics of al-
loying elements, which also supports the inference about G1-G6
regions.

Furthermore, as shown by the white arrows in Fig. 1(b), Mo-
rich region P1 in « grain and Mo-poor region P2 in 8 grain are
found. Particularly, according to the composition distribution char-
acteristics, a distinguishable «/8 GB is observed, which is related
to the slight plastic deformation of the transition region.

The microstructure of the ASB central region is shown in Fig. 2,
in which Fig. 2(a) and (b) are the dark field and bright field im-
ages, respectively. It indicates that there are a lot of ultra-fine o
and B grains in ASBs, as shown by the short white arrows. Accord-
ing to the annular diffraction pattern in Fig. 2(b), these ultra-fine
grains are determined as DRX grains (aprx and Bprx). Moreover,
by comparing the characteristics of the bright regions in Fig. 2(a)
with that of the dark regions in Fig. 2(b), it can be found that most
of the dark regions in the viewing regions are due to the accumu-
lated dislocations which distributed in the interface of DRX and de-
formed grains, as shown by the long white arrows. While in some
local regions, the dark regions in Fig. 2(b) may be induced by the
diffraction contrast, as marked by the yellow dotted lines, because
no corresponding bright regions are observed at the same locations
in Fig. 2(a).

The microstructure and three-dimensional composition distri-
bution of the ASB central region are shown in Fig. 3. Fig. 3(a) indi-
cates the TEM microstructure of the tip specimen, in which most
of the dark regions are due to the high density dislocations, while
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Table 1

The average compositions of G2 and G3 regions (at. %)
Region Ti Al Zr Mo Sn (o] Si C Fe
G2 82.693 1072 218 052 030 147 036 0.041 0.022 0.066
G3 78.673  7.35 255 679 333 130 053 0089 0.019 0.084

Vi,
2

Dislocations

Fig. 2. The microstructure in the ASB central region. (a) The dark field image, (b) the bright field image.

(a) 5 at. % Mo isosurface (c) (d) (e)
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Fig. 3. The microstructure and composition distribution of the ASB central region. (a) TEM microstructure, (b) 5 at. % Mo isosurface, and (c)-(h) three-dimensional composi-

tion distribution of alloying elements.

a small part of the dark regions are due to the diffraction contrast.
By comparing the composition distribution of 5 at. % Mo isosurface
with the TEM microstructure, the tip specimen can be separated
into different sub-regions marked by symbols of G1-G7, as shown
in Fig. 3(b). Moreover, Mo segregation is also observed in ASBs, and
the distribution characteristics of the accumulated dislocations are
substantially consistent with that of the Mo segregation. Moreover,
as shown in Fig. 3(e) and (g), Mo and Cr show the similar segrega-
tion characteristics.

In order to identify the Mo-poor regions and Mo-rich regions,
the average compositions of different regions in Fig. 3(b) are ob-
tained and listed in Table 2. The element contents in various re-
gions are obvious different. In G2-G5 regions, the content of Al
is higher (more that 9.30 at. %) than that in G1, G6 and G7 re-
gions (less than 8.73 at. %). However, the contents of Mo and Cr
are much lower (Mo: less than 2.65 at. % and Cr: more than 1.53
at. %) than that in G1, G6 and G7 regions (Mo: more than 3.54 at.
% and Cr: more than 1.89 at. %). Therefore, it can be determined
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Table 2
The average contents of alloying elements in different regions (at. %).

Region Ti Al Zr Mo Cr Sn 0] Si C Fe
bulk 80.35 898 3.08 346 172 131 074 008 0.06 0.08
G1 81.02  8.61 289 354 197 125 032 010 0.04 0.10
G2 81.50 9.63 3.07 265 153 124 017 011 0.01 0.01
G3 81.88 930 298 257 148 121 028 010 0.02 0.07
G4 83.31 1043 285 122 071 112 019 0.07 0.01 0.04
G5 81.87 9.62 287 236 153 116 033 004 0.08 0.08
G6 80.40 8.73 324 382 189 131 028 005 010 0.07
G7 7897 833 324 507 249 128 027 007 009 0.10
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Fig. 4. One-dimensional concentration profiles along the direction of black arrow in Fig. 3(b) showing the composition variations near the GB of G5 and G7.

that G2-G5 regions are « phase while G1, G6 and G7 regions are
B phase.

By comparing Fig. 3 with Fig. 2, an obvious difference between
the microstructure of the ASB transition region and that of the ASB
central region is observed. As shown in Fig. 3, the average grain
sizes of apryx (20 nm) and Bprx (40 nm) in the ASB central region
are relatively small, and the grain length is only about 1/3 of that
in the ASB transition region shown in Fig. 2. It indicates that grains
in the ASB central region exhibit an obvious equiaxed trend. Partic-
ularly, in the ASB central region, obvious compositional difference
is observed in the interior of o grains or 8 grains, as shown in
Fig. 3(b), indicating the occurrence of the composition redistribu-
tion during the ASB formation, which promotes the DRX process.
It illustrates a new DRX mechanism in ASBs. In the green dotted
boxes in Fig. 3(b), B stabilizing elements (Mo/Cr) in some interior
local regions of 8 grains become sparse to form finer apry. Simi-
larly, in some regions of « grains, local B stabilizing elements are
enriched to form finer Bpgx, as shown in the blue dotted boxes in
Fig. 3(b), thus separating the original grains into finer DRX. More-
over, due to the severe deformation and the composition redistri-
bution in the ASB central region, the distribution characteristics of
the accumulated dislocations are substantially consistent with that
of the element segregation.

Furthermore, the composition distribution characteristics near
the GB in the ASB central region shown in Fig. 3(b) are very dif-
ferent from that in the transition region shown in Fig. 2(b). In the
ASB central region, an indistinguishable “fuzzy GB” is formed in
the «/B GB, as shown in Fig. 3(b). Particularly, it is further found
that high density dislocations are accumulated in the typical "fuzzy
GB" between G5 and G7 regions, as shown in Fig. 3(a).

In order to reveal the composition distribution characteristics
in the o/B GB, one-dimensional concentration profiles near the
G5/G7 GB along the black arrow in Fig. 3(b), i.e. the red arrow in

Fig. 3(a), are obtained and shown in Fig. 4, and the «/8 GB is de-
picted as the dotted line. As shown in Fig. 4(a) and (b), the con-
tents of Ti and Al decrease gradually with a small range. Moreover,
as shown in Fig. 4(c)-(e), the contents of Cr, Zr and Mo increase
marginally. As shown in Fig. 4(f), the content of Sn is almost un-
changed. In summary, the change of element contents in the o/8
GB is very limited, which is not consistent with the theoretical one.
It illustrates that a new region is formed in the «/8 GB, i. e. the
“fuzzy GB” mentioned above, where « stabilizing elements and 8
stabilizing elements are uniformly distributed due to the compo-
sition redistribution. During the ASB formation, « stabilizing ele-
ments in o« grains and B stabilizing elements in B grains migrate
to the «/B GB to form the “fuzzy GB”. Actually, the “fuzzy GB” will
not keep stability in the subsequent deformation process because
of the high density dislocations shown in Fig. 3(a) and the particu-
lar composition distribution characteristics shown in Fig. 4, and it
will develop into new GBs of DRX grains.

During the ASB formation, Sprx in & grains, apry in B grains
and the “fuzzy GB” are formed through the composition redistri-
bution, which illustrates a new DRX mechanism in ASBs.

Recent researches indicate that the DRX in ASBs stems from
the fact that the dislocations accumulate in local regions to form
sub-grain boundaries and eventually develop into new GBs [2, 27-
29]. Significantly, the present study further attributes the internal
reason of DRX to the composition redistribution. During the dy-
namic deformation, the localized temperature rises rapidly to more
than 1000 °C [2, 17, 30], which promotes the migration of alloying
elements [31-33]. In addition, severe deformation makes the dis-
location density increase sharply, which may directly lead to the
formation of element-poor regions or element-rich regions. There-
fore, the compositional difference induced by the element migra-
tion and the severe deformation promotes the nucleation of new
o grains and new B grains. In the «/B GB, the "fuzzy GB" is filled
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with high density dislocations and will develop into new GBs of
DRX grains, which promotes the DRX process.

In addition, high density dislocations are accumulated in the
"fuzzy GB", which will induce the initiation of micro-cracks for the
deformation incompatibility between surrounding regions, and fi-
nally leads to adiabatic shear failure.

In this paper, the composition distribution characteristics near
ASBs of an «/f dual phase Ti-5.5Mo-7.2A1-4.5Zr-2.65n-2.1Cr alloy
were quantitatively characterized by APT, and the composition re-
distribution, a new DRX mechanism in ASBs, was found. The re-
sults showed that in the ASB transition region, a distinguishable
o/ GB was observed. However, in the ASB central region, an in-
distinguishable “fuzzy GB” with high density dislocations formed
in the o/ interface. Moreover, it was found that 8 stabilizing ele-
ments in some interior local regions of 8 grains became sparse to
form finer o grains; while in some regions of « grains, local 8 sta-
bilizing elements were enriched to form finer 8 grains, thus sep-
arating the original grains into finer DRX grains. Further research
indicated that the unique composition distribution characteristics
in o grains, B grains and the «/B interface were caused by the
composition redistribution, which was the combined result of lo-
calized plastic deformation and the induced adiabatic temperature
rise during the dynamic deformation.
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