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ABSTRACT

In this work, HCP-to-FCC phase transformation and its interaction with {1122} compression twins
(CTWs) in CP-Ti under ultra-high-strain-rate compression ( ~ 10%/s) was investigated. Muti-scale char-
acterization and analysis demonstrate the both B- and P-type FCCy; lamellae are profusely generated
and exhibit significant growth capability and intensive interaction with the CTWs. Particularly, two
adjacent FCCy; lamellae with a twinning relationship can be formed within the CTW and matrix,
respectively. Moreover, two adjacent FCCy; lamellae with nearly identical orientation can be formed
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within the two different CTW variants. Two possible mechanisms were proposed to account for this

unique phenomenon.

1. Introduction

Dislocation slip and deformation twining are two major
mechanisms governing the plastic deformation for tita-
nium (Ti) and its alloys with a hexagonal close-
packed (HCP) structure. In addition to these typi-
cally deformation modes, deformation-induced HCP-
to-FCC phase transformation has been identified in
commercially pure Ti (CP-Ti), offering a complemen-
tary mode to accommodate the plastic strain [1]. Based
on the crystallographic orientation relationship (OR)
between the HCP and FCC phase, two distinct ORs have
been well documented: (i) B-type OR characterized by
{0001}ycp//{111}pcc and < 2110 > Hcp// < 110> Fcc
can be accomplished via the gliding of 30° Shockley
partial dislocations on every two (0001) basal planes

[2,3]. (ii) P-type OR defined by {1010}ycp//{110}rcc
and <0001 > gcp// <001 > gcc can be achieved via
shear-shuffle mechanism through successive gliding of
two-layer disconnections or pure-shuffle mechanism
through collective gliding of a four-layer disconnection
on {1010}prismatic plane [4]. The presence of FCC phase
not only accommodates the plastic deformation but also
enhances the ductility, which is attributed to their abun-
dant slip systems and effective strain partition capability,
leading to the uniform plastic flow [5,6].

Due to its scientific significance and potential practi-
cal applications, extensive studies through both experi-
mental and numerical analysis have been carried out to
elaborate the formation mechanism [7], interfacial struc-
ture [8], grain size-dependence [9] of HCP-to-FCC phase
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transformation in CP-Ti and its effect on the subsequent
plastic deformation behavior [10] under a variety of
deformation conditions, such as room temperature com-
pression [11], cryogenic compression [2], cold rolling
[4], shot peening [12], and high-pressure torsion [13].
Nevertheless , limited attention has been paid to investi-
gate the HCP-to-FCC phase transformation behavior in
CP-Ti under ultra-high-strain-rate (UHSR) deformation
(10%/s), despite numerous studies showed a prominent
strain-rate dependency of stress-induced phase trans-
formation in Ti and other metallic alloys [14-17]. Our
recent studies have demonstrated that HCP metals exhib-
ited unique twinning modes and dislocation behavior
during UHSR deformation [18-20]. Meanwhile, given
the prevalent activation of deformation twinning in Ti
alloys, it is expected that HCP-to-FCC phase transfor-
mation and deformation twins could be concurrently
activated and interact with each other, but the interplay
between these two mechanisms remains rarely studied
and insufficiently understood. Addressing this research
gap is essential for advancing the development of UHSR-
based processing of Ti and its alloys.

In this work, the deformation-induced HCP-to-FCC
phase transformation and its interaction with {1122}
deformation twins in a CP-Ti under UHSR compression
(~10%/s) was systematically investigated using multi-
scale microstructure characterizations. The UHSR com-
pression was realized by laser shock peening (LSP) ,
which is recognized as a laser-based surface processing
technique that utilizes high-energy laser pulses to gener-
ate intense shock wave for the enhancement in mechan-
ical performance of Ti alloys [19]. By producing excep-
tionally high triaxial stresses and distinctive shock-wave
propagation dynamics, LSP provides a unique means
to reveal the UHSR shock response of metallic mate-
rials [21-25]. It can be found that both B- and P-type
FCCr;j are profusely generated after UHSR deformation.
The FCCr; lamellae are not only observed within the a-
Ti matrix but also within the {1122} compression twin
(CTW) regions. The interaction between FCCr;j lamel-
lae and CTW results in unique microstructural features
and has never been reported before. It is expected that
these findings in this study can provide in-depth insights
into the deformation-induced HCP-to-FCC phase trans-
formation mechanism in Ti alloys and inspire further
exploration of its interactions with deformation twin-
ning.

2. Materials and methods

In this work, CP-Ti samples were provided by Baowu
special metallurgy Co., Ltd.. Chemical composition,
detailed sample preparation procedures, and the initial
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microstructure of the as-received material can be referred
to Supplementary Note 1. Based on the inverse pole
figure (IPF) map and transmission electron microscopy
(TEM) images (Fig. S1), the twins and FCC phases cannot
be detected within the initial microstructure. To inves-
tigate the UHSR deformation behavior of CP-Ti, LSP
processing was carried out with a Nd:YAG pulsed laser
system. Experimental setup and detailed mechanism of
the UHSR deformation is illustrated in Supplementary
Note 2. Subsequently, multi-scale microstructure charac-
terizations were performed on the LSP-treated sample,
including optical microscopy (OM), electron backscat-
ter diffraction (EBSD), transmission Kikuchi diffraction
(TKD), TEM and high-resolution TEM (HR-TEM), and
the detailed characterization procedures are illustrated in
Fig. S3.

3. Results and discussion

Figure 1 shows the surface microstructure of the LSP-
treated CP-Ti. A distinct circle surrounded by lentic-
ular twins is observed (Figure 1(a)). EBSD analysis
(Figure 1(b-f)) reveals that these twins can be identi-
fied as {1122} CTWs, {1012} tension twins (TTWs) and
{1121} TTWs, according to the well-defined rotation
angle/axis relationships of different twinning modes [26].
However, some specific regions comprising fine lamellar
structures (marked by the yellow arrows in Figure 1(d2
and f2)) cannot be well-resolved on the basis of EBSD
analysis. To further reveal these microstructural features,
cross-sectional TKD EBSD analysis was performed on a
lamella extracted from the center of the LSP-processed
area (Figure 1(g-i)). It demonstrates the formation of
numerous FCCr; lamellae with an average thickness of
94.5 nm (marked by red color in the phase map in
Figure 1(g)). By measuring the OR relationship between
the FCC and HCP phases, both B- and P-type FCC phase
are activated, with multiple variants labeled as B1-B3 and
P1-P4, respectively. The detailed procedures for deter-
mining the OR and variant types relative to their HCP
parent grains can be referred to Supplementary Note 4
(Fig. S4 and Table S4). The frequency of B and P-type
FCC formed within the HCP matrix are summarized in
Fig. S5. It should be noted that the FCC lamellae are
not only formed within the HCP matrix but also within
the CTW1 and CTW?2 variants, suggesting the significant
growth capability of FCC phases under UHSR deforma-
tion. It must be emphasized that some researchers pro-
posed that the FCC phases in Ti originate from hydride
or oxide during sample preparation [27,28]. To rule out
this possibility, electron energy loss spectroscopy (EELS)
analysis was performed on the samples processed by LSP
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Figure 1. LSP-induced surface deformation analysis: (a) OM image. (b) IPF map of the squared region in (a). (c1-c2) and (e1-e2) are
enlarged regions from (b). (d1) and (f1) show further magnified areas. (c2-d2) and (e2-f2): BC maps corresponding to (c1-d1) and (e1-f1),
respectively, showing that some lenticular structures marked by yellow arrows cannot be determined. The sampling location for the TKD
analysis was marked by the pink boxes in (d1, d2). The occurrence of HCP-to-FCC phase transformation in the CTWs: (g) Phase map, (h)
IPF map, (i) BC map.

and the results are shown in Fig. S6. The EELS spec- To reveal the microstructural and crystallographic
trum revealed that the FCC phases was neither hydride  features of the FCC lamellae, HR-TEM analysis was
nor oxide, confirming their generation was resulted from  carried out on some specific areas and the results
UHSR deformation-induced phase transformation. are shown in Figure 2. FCCri nano-lamellas with
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Figure 2. TEMimages of the (a) B-type and (c) P-type FCCy; in LSP-treated CP-Ti. (b) and (e) are the SAED patterns that obtained from the
white circle in (a) and (d), respectively. HR-TEM images showing (c) the stepped interfaces between B-type FCCrj and HCP matrix, and (f)

a straight interface between P-type FCCyi and HCP matrix.

two distinct morphologies are observed within the
HCP matrix, i.e. irregular (Figure 2(a)) and needle-like
morphology (Figure 2(d)). The corresponding selected
area electron diffraction (SAED) patterns of the cir-
cled areas as marked in Figure 2(a,d) present the OR
between the FCCr; lamellae and the HCP matrix, as
shown in Figure 2(b,e), respectively. For the irregu-
lar FCCr; lamellae (Figure 2(b)), the OR between the
FCCr; lamellae and HCP matrix can be determined
as (0001)ycp//(111)pcc and [1210]gcp//[110]gcc. This
crystallographic relationship can identify the irreg-
ular lamellae as B-type FCCr; variants (labeled as
Bi , i=1, 2, 3). In contrast, the needle-like FCCr;
lamellae (Figure 2(e)) exhibit a different OR with
(0110)gcp//(110)gcc and [0001]1cp//[001]ce, which
corresponds to P-type FCCrj variant (labeled as Pj,
i=1,2,3). Figure 2(c,f) display the HR-TEM observa-
tion of the interfacial structure between FCCr; lamel-
lae and the HCP matrix, respectively. As shown in
Figure 2(c), the interface exhibits the faceted morphol-
ogy consisting of short (0001)ycp//(111)pcc and long
(1011)pcp//(200)pcc segments, which is different from
the commonly observed phase boundaries consisting
of the (0001)gcp//(111)gcc interfaces. In contrast, the
interface of P-type is exactly parallel to the (0110)gcp//
(110)pcc habit plane (Figure 2(f)), revealing the variant

selection and interfacial structure of the HCP-to-FCC
phase transformation in CP-Ti.

The discrepancy in terms of the morphology and
interfacial characteristics of the B- and P-type FCCr;
under UHSR deformation may be ascribed to their differ-
ent formation mechanisms. As shown in Figure 2(c), the
B-type FCCr; phase transformation can be accomplished
via the gliding of Shockley partial dislocations on every
two (0001) basal planes, resulting in the change in stack-
ing sequence from... ABABAB...to... ABCABC....
Due to mutual repulsion between the Shockley partial
dislocations, stepped interfaces can be observed [11].
Moreover, the UHSR deformation significantly deterio-
rates the cooperative lateral glide of the partial disloca-
tions, thereby impeding the lateral growth and coales-
cence of the terraces to advance the phase boundary [29].
In contrast, the growth of the P-type FCCr; is governed
by the successive gliding of two-layer steps on (0110)
prismatic plane induced by a shear-shuffle or pure shuf-
fling mechanism [10]. Under UHSR deformation, the
dislocation motion may be insufficient to accommodate
the applied shock strain, atomic shuffling that directly
advances the phase boundary appears to be more efhi-
cient and becomes the primary mechanism, resulting in
the formation of straight interface and needle-like mor-
phology of the FCC phases.
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Figure 3. Microstructure analysis of the B-type FCCy; pair along the CTW boundary in LSP-treated CP-Ti: (a) Phase map, (b) IPF map, and
(c) BCmap. (d) Unit cells of different grains. (e) TEM image. (f1-f3) the SAED patterns and (g1-g3) HR-TEM images corresponding to regions

1,2and 3in (e).

One prominent characteristic of the microstruc-
ture in CP-Ti after UHSR deformation is the inten-
sive interaction between FCCr; and deformation twins.
Figure 3(a—c) displays fine lenticular FCCr; (highlighted
in blue in phase map) is formed within the HCP phase.
As shown in Figure 3(b,c), a pair of adjacent FCCr;
(B1 and B2) phase can be observed within the {1122}
twin (marked as CTWl1ycp) and the adjacent HCP
matrix grains (Mpcp), respectively. Figure 3(d) illus-
trates the corresponding ORs between FCC and HCP
grains. Figure 3(e) shows the TEM image of the inter-
action areas which are marked by the white circle 1-3
and will be characterized by the HR-TEM and SAED
in detail. As shown in Figure 3(f1), when the electron

beam is parallel to the [1010]ycp//[112]rccy of area 1,
two sets of diffraction spots were observed, the B/A ratio
within the yellow dashed box is 1.58, while the b/a ratio
within the red dashed box is 1.63. This difference in ratios
unequivocally confirms that one set of diftraction spots
corresponds to the HCP structure, and the other set cor-
responds to the FCC structure. The SAED patterns form
regions 1 and 2 in Figure 3(e) further confirm that these
FCCr; variants are identified as B-type FCCr; structure
(Figure 3(f1 and f2)), which is characterized by the OR
of (OOOI)HCP//(li 1)gcc and [IOiO]HCP//[i 12]gcc. These
are labeled by Bl (within CTWI1ycp) and B2 (within
MHucp), respectively. Furthermore, the SAED patterns
of region 3 reveals a unique interface between Bl and
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Figure 4. Microstructure analysis of B- and P-type FCCy; pair in adjacent CTW1 and CTW?2 variants in LSP-treated CP-Ti: (a) Phase map, (b)
IPF map, and (c) BC map, (d) Unit cells of different grains, () TEM image. (f1, f2) SAED patterns and (g1, g2) HR-TEM images corresponding

toregions 1and 2 in (e).

B2, which exhibits twin-like diffraction spots and a ~ 4°
splitting angle of the (402) planes. The identification of
HCP-FCC interface is challenging due to similar stack-
ing sequences along the [1010]gcp//[112]gcc, but it is
also should be noted that this HCP-to-FCC phase trans-
formation is accompanied by volume expansion [12]. As
depicted in Figure 3(gl and g2), the interplanar distance
of (111) plane in B1 and B2 is determined as 0.505 nm
and 0.491 nm, respectively, while the (0001) planes in
CTWIl1gcp and CTW2ycp are determined as 0.481 nm
and 0.475 nm, respectively. These differences in lattice
spacing and strain contrast enables the identification of
phase boundaries (marked by yellow dotted lines) and
the faceted interfaces along (0001)gcp//(111)pcc and
(1210)ucp//(110)gcc. As shown in Figure 3(g3), the
step-like twin boundary(TB) delineated by the yellow line
was highlighted. By tracking the (402) planes of the Bl
and B2, the 4° orientation misalignment between B1 and

B2 can also be validated, corroborating the observed dis-
crepancy in the (402) reflections. Similar occurrences of
imperfect twin orientation relationships have also been
observed in the{1122} twinning mode [30,31] and {1002}
twinning mode [32,33]. These phenomena are attributed
to the accumulation of partial dislocations resulting from
the interaction between the matrix dislocations and the
twin boundary. At the B1/B2 interface, the misorienta-
tion angle between the (IN1) planes of the B1 and B2 is
68°, close to the misorientation of {1122} twin (63.98+5°
along the <1010>). Moreover, the B1/B2 interface
shares the common (402) planes (Figure 3(e3)), which
is different from the formation of {111} <112> twin
within the FCC structure during HCP-to-FCC transfor-
mation [12,34,35].

Notably, a lenticular FCCr; lamella appears in the
region where CTW1ycp and CTW2ycp interact (Figu-
re 4(a)), occupying the space above both CTW1 and
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CTW2ncp. The IPF map (Figure 4(b)) shows a contin-
uous orientation gradient in the FCCr; lamella, with no
distinct high angle grain boundary (HAGBs), suggesting
a gradual lattice rotation. By calculating the crystallo-
graphic relationship among the FCCrj, CTW1gcp, and
CTW2ycp (Table S1-S3), it is evident that FCCrj adopts a
B-type OR with CTW1gcp, referred to as B1. In contrast,
when FCCrj is located within CTW2yycp, it adopts a P-
type OR with CTW2ycp, denoted as P1. Figure 4(d) also
shows the OR between Mycp, CTWlgcp, CTW2ycp,
B1, and P1. As presented in Figure 4(e), TEM observa-
tion confirms that the lamella constitutes a single FCCry
grain spanning two CTWs. To better examine the OR
among CTW1ycp, CTW2ycp, and the FCC structures,
SAED analysis on the regions outlined in white circles in
Figure 4(e) was conducted. The OR between CTW1ycp
and B1 is [IOIO]HCP//HIZ]FCQ (OOOI)HCP//(III)FCQ
(1210)ucp//(110)pcc  (Figure 4(f1)), while the OR
between CTW2ncp and P1 is [1010]gcp//[110]pcc,
(0001)gcp//(001)pcc,  (1210)ucp//(110)pcc  (Fig-
ure 4(f2)). These results further reveals that the FCCry
within CTW1gcp and CTW2ycp exhibit different ORs:
the B1 and CTW1gcp is identified as B-type OR, while
the P1 and CTW2ncp is P-type OR. Figs. 4gl and 4g2
show the HR-TEM images of the interfacial structure
of BI/CTW1ycp and P1/CTW2ycp, respectively. Sim-
ilar to the analysis method in Figure 3(gl and g2),
the B1/CTW1ycp interface is discernible through {111}
plane and {0002} plane spacings and strain contrast
(Figure 4(gl)). The interface also displays stepped mor-
phology, which is characterized by (0001)ncp//(111)rcc
and (1210)ucp//(110)gcc (marked by yellow dotted
line). Figure 4(g2) presents HRTEM image, captured
along the [1010]ycp//[110]gcc, further confirming the
common interface between the P1 and CTW2 is
(0001)//(001).

Based on the above microstructure analysis, mas-
sive HCP-to-FCC phase transformation can be identified
under UHSR deformation, showing significant growth
capability and distinct interaction behavior with {1122}
TBs and CTW-CTW boundaries. Unlike the formation of
micron-scale deformation twins and a few parallel FCC
structures under low-strain-rate deformation [1,3,36,37],
the microstructure evolution under UHSR deformation
presents unique features. These features stem from the
extremely short timescale (~ 10 s~1), the presence of
high triaxial stresses, and the distinctive shock-wave
propagation dynamics. One mechanism responsible for
the unique feature is the phase ‘transmission’ or ‘transmu-
tation’ activity induced by UHSR deformation. Previous
works have demonstrated that deformation twins can
‘transmit’ or ‘transmute’ through adjacent grains under
sufficiently high stress [38,39]. Accordingly, to maintain

homogeneous deformation under UHSR, FCCr; could
likewise propagate from one grain into its adjacent grains.
However, the sequence of the HCP-to-FCC phase trans-
formation and the occurrence of deformation twinning
under UHSR deformation remains undetermined in the
present study. Here we propose two possible mecha-
nisms responsible for the unique microstructural features
observed in Figures 3 and 4, as schematically illustrated
in Figure 5. We named the first one as ‘Phase transforma-
tion occurs subsequent to twinning’ (Figure 5(a,b)), and
the second ‘Phase transformation occurs accompanied
with or prior to twinning’ (Figure 5(c,d)). The following
sections discuss both scenarios in detail.

(i) Phase transformation subsequent to twinning

As shown in Figure 5(a,b), shear stress on the basal
plane of CTW1 activates 1/3 <1010 > Shockley partial
dislocations, promoting FCC nucleation within CTW1.
These partial dislocations continue slip and terminate at
the {1122} TB, causing localized stress that enables their
transmission across the TB without generating a residual
dislocation [40]. This dislocation transmission is facili-
tated by the favorable OR between the CTW and their
matrix, which preserves the Burgers vector of partials
dislocations and enabling their glide into the adjacent
matrix grains [41]. The basal plane acts as the K2 plane
of CTW, which aligns on either side of the common
(1122) plane. Consequently, the newly formed B-type
FCC2 in the matrix grains exhibits a symmetric relation-
ship with B-type FCCI oriented along the (402) plane.
Differently, when the FCC phase grows inside CTW1 and
encounters a CTW-CTW boundary (Fig. 5b), disloca-
tion transmission is hindered, leading to localized stress
concentration. This localized stress promotes dislocation
glide and drives a shear-shuffling transformation mech-
anism that converts (0110)crw; plane into (111) plane of
the FCCr; in CTW2. As a result, the B-type FCCr; con-
tinues to grow and traverses the CTW-CTW boundary.
The newly formed FCC remains B-type with CTW1 but
attains a P-type OR with CTW?2. This observation is con-
sistent with atomistic predictions that a double-layered
(0110) plane in the HCP grain can transform into the
(111) plane in the FCC structure via shear and atomic
shuffling [42].

(ii) Phase transformation accompanied by or preceding
twinning

An alternative sequence in which the FCC-HCP trans-
formation may occur first, followed by twinning in both
the matrix and the FCC phase, ultimately forming CTW
and the corresponding B1 or P1-type FCC phase may also
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Figure 5. Proposed mechanisms of the HCP-to-FCC phase transformation and its interaction with {1122} twin in CP-Ti processed by LSP
based on the two possible sequences: (a, b) HCP-FCC transformation occurs within the CTW followed by the deformation twinning. (c,
d) HCP-FCC transformation occurs together with or before deformation twinning. Mechanism responsible for: (a, ) B-type FCCy; lying
along the {1122} CTW boundary and forming a ‘twin-like’ structure, (b, d) B-type FCCy; and P-type FCCy; sharing the almost identical
crystallographic features occurring within the CTW1 and CTW2, respectively.

be possible and schematically illustrated in Figure 5(c,d).
The UHSR activates 1/3 <1010 > partials on the basal
plane in the matrix triggers HCP-to-FCC phase transfor-
mation, forming B-type FCCr;. In the meanwhile, CTW1
also formed and interacts with the FCC. The impinge-
ment of the CTW on the pre-existing FCC may generate
interface stress concentrations that triggers deformation
twinning in the FCC itself [38]. In the case of partial
contact (Figure 5(c)), twinning occurs locally within the
contact zone. The twinned FCC (B-type FCC1) retains
a B-type OR with CTWI, while the untwinned part
(B-type FCC2) retains its original lattice, establishing a
twin relationship with FCCI. The lattice correspondence

between FCC1 and FCC2 is deviates from the con-
ventional {111} < 112> system, sharing instead a (402)
common plane, as evidenced by Figure 3. At UHSR,
abnormal twin growth phenomena are often reported
[18,43] and is attributed to the presence of complex
triaxial stress states and shock-propagation fields [44].
Moreover, when the entire FCC region is in full con-
tact with the two different CTW variants (Figure 5(d)),
twinning occurs throughout the entire FCC domain. This
complete twinning leads to well-defined crystallographic
relationships with the surrounding CTWs: the twinned
FCC maintains a B-type OR with CTW1, while exhibit-
ing a P-type OR with CTW?2. Dislocation accumulation
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at CTW2 interfaces generate back stress that further pro-
motes CTW?2 propagation, ultimately encapsulating the
original FCC between CTW1 and CTW?2 [39]. Further
research efforts well be paid to elucidate the sequence by
in-situ TEM and MD simulations.

4, Conclusions

In this study, UHSR deformation-induced HCP-to-FCC
transformation and its interactions with deformation
twinning were investigated by LSP processing and muti-
scale characterization. The experimental results demon-
strate the both B- and P-type FCCr; lamellae are pro-
fusely generated and exhibit significant growth capability
and intensive interaction with the CTWs. Particularly,
two adjacent FCCr; lamellae with a twinning relationship
can be formed within the CTW and matrix, respectively.
Moreover, two adjacent FCCr; lamellae with nearly iden-
tical orientation can be formed within the two different
CTW variants. These unusual phenomena are elucidated
through two proposed scenarios: (i) Phase transforma-
tion subsequent to twinning, where FCC lamellae can tra-
verse TBs and CTW-CTW interfaces, facilitated by dis-
location transmission or a transition to shear and atomic
shuffling; and (ii) Phase transformation accompanied by
or prior to twinning, where initial FCC formation is fol-
lowed by twin impingement, inducing twinning within
the FCC regions and enabling twin propagation across
FCC domains under intense local stresses.
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