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ABSTRACT
To date, the exploration ofmulti-principal element alloys (MPEAs) has rarely ventured into the realm
of hexagonal close-packed (HCP) structures. In this research, we embarked on a pioneering system-
atic comparison between a single-phase Ti-Zr-Hf HCP-MPEA and Ti regarding their dislocation activ-
ities andmesoscale deformation homogeneity. Through large-area high-resolution quasi-in-situ slip
trace analysis and crystal plasticity finite element modeling, we identified HCP-MPEA’s significantly
enhanced pyramidal slip activities—resulted from minimized disparities among different deforma-
tion modes—notably improve the material’s intragranular deformation homogeneity. Alongside
MPEA’s intrinsically high slip resistance, it renders HCP-MPEA an outstanding strength-toughness
combination relative to its conventional HCP counterparts.
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Introduction

Metals and alloys are widely recognized as the major
workhorse materials for the manufactory industry and
structural applications [1]. Unlike conventional metal-
lic materials which are normally developed based on
a single host metal, multi-principle element alloys
(MPEAs), first proposed by Yeh et al. [2], stand out
by consisting of constituent elements with near-equal
atomic fractions. With compositions in the unexplored
middle section of the phase diagram, MPEAs chal-
lenge the classic concept of solute and solvent, exhibit-
ing unique properties including concentration fluctu-
ation/undulation [3,4], spatially variable stacking fault
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energy (SFE) [5,6], rough/wavy dislocation morphol-
ogy [5,7], jerky and sluggish dislocation motion [8,9],
etc. These characteristics have been shown to intro-
duce significant challenges when attempting to com-
prehend/evaluate the deformation behavior of MPEAs
using prior microstructure-property knowledge, imped-
ing the development of novel MPEAs [10]. Accordingly,
a growing number of researchers in the MPEA commu-
nity are shifting their focus from exploring new alloy
compositions (which has been a longstanding empha-
sis) to bridging the gap between the distinctive disloca-
tion behaviors and the microstructural features inherent
to MPEAs [11]. For example, Ding et al. [3] found the
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existence of concentration wave in CrFeCoNiPd and this
phenomenon could improve the strength-ductility bal-
ance of the material. Smith et al. [12] discovered that the
rugged energy landscape inMPEAs increased the critical
stress for activating the Frank-Read source, resulting in
‘cocktail hardening’. Lei et al. [13] reported the forma-
tion of ordered interstitial complexes in oxygen-doped
TiZrHfNb alloys led to enhanced cross-slip activities and
improved mechanical properties.

It is worth noting that while there have been stud-
ies on similar topics on other MPEA systems (com-
positionally), the overwhelming majority of the exist-
ing publications have focused on MPEAs with either
face-center cubic (FCC) [14–16] or body-center cubic
(BCC) structures [7,17] (or occasionally FCC/BCC dual-
phase structures [18–21]). The hexagonal close-packed
(HCP) structure, though being referred to by physical
metallurgy textbooks as another cornerstone structure
in metallic materials alongside FCC and BCC, has been
largely overlooked in the research field of MPEAs. To
date, very few HCP MPEAs have been reported, and
even less are comprehensive studies on their deforma-
tion mechanisms [22–24]. Therefore, filling this glaring
hole and answering the question as to what sets HCP
MPEAs apart from conventional HCPmetals/alloys, par-
ticularly in terms of their plastic deformation mecha-
nisms, have become a growing interest. This interest has
recently been fueled by Li et al. [25,26] andBu et al.’s [27],
who suggest the incorporation of an HCP phase into an
FCC matrix as a potential route to advancing the next-
generation MPEAs with superior mechanical perfor-
mances. In fact, our previous research [28] demonstrates
that the model Ti-Zr-Hf HCP MPEA, though possess-
ing a simple single-phase coarse-grained microstructure,
surpasses all existing (quasi-)single-phase HCP alloys in
strength-toughness performance, and even rivals most of
those with delicately designed microstructures including
nanostructures and heterostructures (Figure S1). At the
nano and micro scale, we discovered that the intrinsic
characteristics of MPEAs—namely, high alloy concen-
tration and local fluctuation—significantly enhance the
activity of pyramidal slips in comparison to conventional
HCP alloys. Yet, what remains unexplored is the link
between this unique dislocation activity and mesoscale
deformation phenomena, such as stress/strain distribu-
tion during deformation—especially near grain bound-
aries, which is the most critical factor that determines
themechanical properties of single-phase coarse-grained
alloys [29–32]. This gap limits the potential for tar-
geted microstructure and texture optimization to further
enhance material performance.

In this work, a Ti-Zr-Hf MPEA with single-phase
HCP structure and c/a ratio approximately equal to

pure Ti were prepared. By employing large-area high-
resolution quasi-in-situ slip trace analysis and crystal
plasticity finite element modeling (CPFEM), we con-
ducted a comparative investigation of dislocation and
twinning activities between Ti-Zr-Hf MPEAs and pure
Ti. This comparison allowed us to illuminate, for the
first time, the link between dislocation/twinning activity
and mesoscale deformation behaviors in HCP MPEAs,
thereby deciphering the origin of the HCP MPEA’s out-
standing strength-toughness combination compared to
traditional HCP counterparts. The findings are expected
to have implications for the advancement of not only
single-phaseHCPMPEAs but also those featuring a dual-
phase combination of FCC (or BCC) andHCP structures.

Materials andmethods

The MPEA ingots used in this work were prepared
by arc-melting, and has a composition of Ti:Zr:Hf =
1.2:1:1 (atomic ratio, denoted as HCP-MPEA hereafter).
The two materials underwent different cold rolling and
annealing schemes to obtain comparable single-phase
microstructure and texture. Uniaxial tension and com-
pression tests were conducted to characterize the mate-
rial’s mechanical behavior at room temperature. Quasi-
in-situ slip trace analysis based on scanning electron
microscope (SEM) and electron backscattered diffrac-
tion (EBSD) technique were carried out to acquire sta-
tistical data on the active slip systems as did in our
priorwork [33–35] and other studies [32,36–43]. CPFEM
was performed in the PRISMS-Plasticity framework [44]
to understand slip activity and meso-scale stress/strain
localization. For detailed descriptions of the experimen-
tal and simulation procedures, readers are referred to the
Supplementary Materials and our previous publications
[16,18,19,28,33,45–47].

Results and discussion

The microstructural analysis of the as-cast HCP-MPEA,
depicted in Figure S2, indicates a homogeneous single-
phase HCP structure without noticeable elemental seg-
regation, and a c/a ratio of approximately 1.586, closely
matching that of pure Ti at 1.587. Figure 1(a,b) shows the
microstructure and texture of the HCP-MPEA and pure
Ti following cold rolling and recrystallization anneal-
ing. Thanks to the meticulously chosen thermomechani-
cal processing parameters (Please see the Supplementary
Materials), both samples present a grain size distribution
that follows a Gaussian pattern with mean size ranging
between 20 and 30 µm. Besides, both materials display
a basal texture with peak intensities (∼8 multiple ran-
dom distribution (MRD)), located near the sheet normal
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Figure 1. The microstructure of the cold rolled and annealed Ti and HCP-MPEA: (a) ND-IPF maps; (b) Grain size distribution; (c) {0002},
{101̄0}, and {112̄1} pole figures. Labels 1 and 2 denote pure Ti and HCP-MPEA, respectively. Note that the analyses for grain size dis-
tribution and pole figures were conducted using EBSD scans covering a broader area (Figure S3) than depicted in the ND-IPF maps
of (a).

direction (ND) and spread towards the rolling direction
(RD). These factors ensure that effects from the crys-
tal structure, microstructure, and texture on mechanical
properties are minimized, which therefore lays the foun-
dation of the present research that focuses on comparing
the impacts of slip/twinning activities.

To capture the macroscopic mechanical response
using crystal plasticity, CPFEM was first conducted on
an aggregate of 1000 single crystals, each modeled by a
single eight-node linear hexahedral element, as depicted
in Figure 2(a). Figure 2(b) displays the CPFEM input
textures discretized from the experimental texture of
HCP-MPEA and Ti. As can be seen, the discretized
texture closely resembles the corresponding measured
ones (Figure 1(c)), albeit with marginally higher peak
intensities. Tables 1 and 2 present the optimized criti-
cal resolved shear stress (CRSS) and hardening param-
eters for various slip modes in Ti and HCP-MPEA,
respectively. These parameters were chosen to achieve
the closest match between the experimental and CPFEM
stress–strain responses in both tension and compres-
sion, as shown in Figure 2(c). A notable observation
from these tables is that the HCP-MPEA demonstrates
significantly higher CRSS values compared to Ti, along-
side a marked reduction in the CRSS disparities among

different deformation modes. In fact, despite CPFEM’s
success in replicating experimental stress–strain curves,
the inherent underdetermined nature of the parameter
optimization process in CPFEM means multiple sets of
parameters could potentially fit the same data, raising
concerns about the authenticity of the modeled defor-
mation mechanisms. To mitigate these concerns, Figure
2(d) provides a direct comparison of twin volume frac-
tion evolution between experimental data and simulation
results—performed without any fitting or tweaking. As
can be seen, the evolution of twin volume fraction in
bothmaterials can bewell-tracked by themodel using the
parameters in Tables 1 and 2, confirming the parameters’
validity and themodel’s capability to authentically reflect
the complex interplay of mechanisms in the two materi-
als that govern not only their mechanical responses but
also the microstructural changes.

Building on the validated parameters listed in Tables
1 and 2, we expanded our modeling to investigate
the mesoscale deformation behaviors, facilitating direct
comparisons with high-resolution quasi-in-situ slip trace
observations. One example of the quasi-in-situ slip trace
analysis procedure is provided in Figure 3. For more
information of this method readers are referred to Sup-
plementaryMaterials. Figure 4 compares the results from
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Figure 2. CPFE modeling to capture the macroscopic mechanical response andmicrostructure and texture evolution: (a) the aggregate
of 1000 single crystals used in the CPFEM; (b) initial textures used for CPFEM; (c) comparison of stress-strain curves from experiments and
simulations; (d) comparison of twin volume fraction evolution; (e) microstructural representation of Ti and HCP-MPEA post-deformation
at a true strain of ∼ 0.15, highlighting twin boundaries. Labels 1 and 2 in (b) and (e) indicate Ti and HCP-MPEA, respectively. Note that
the compression tests were halted prior to specimen failure due to limitations of the testing equipment.

Table 1. Hardening parameters for pure Ti.

Mode sα0 (MPa) hα
0 (MPa) sαs (MPa) aα

Prism< a> 20 90 600 2.5
Pyr1< a> 95 20 200 2.5
Pyr1< c+a> 120 30 450 2.5
ETW 40 10 300 2.5
CTW 110 80 600 2.5

Note: ETW refers to {101̄2} 〈
101̄1

〉
extension twins, CTWdenotes {112̄2} 〈

112̄3̄
〉

contraction twins.

Table 2. Hardening parameters for HCP-MPEA.

Mode sα0 (MPa) hα
0 (MPa) sαs (MPa) aα

Prism< a> 190 230 240 2.5
Pyr1< a> 260 850 880 2.5
Pyr1< c+a> 385 400 1280 2.5
ETW 115 450 780 2.5
CTW 450 100 700 2.5

Note: ETW refers to {101̄2} 〈
101̄1

〉
extension twins, CTWdenotes {112̄2} 〈

112̄3̄
〉

contraction twins.

slip trace analysis and CPFEM for a selected represen-
tative region in the HCP-MPEA quasi-in-situ sample.
Figure 4(a,b) are the microstructure of the region and
the corresponding finite element (FE) mesh, respectively,
prior to tension. After a true plastic strain of ∼0.08, the

surface morphology and the spatial distribution of the
slip activity are given in Figure 4(c, d1∼3) respectively.
It can be seen that the grain-level slip activities are well
replicated by the CPFEM: nearly all grains with identi-
fied first order pyramidal (Pyr1) slip traces align with
grains that exhibit high activity of either Pyr1< a> or
Pyr1 < c+a> (or both) in CPFEM. For statistical suffi-
ciency, Figure 4(e) displays a comparison on the statistics
of slip trace results and the normalized shear of the dis-
locations (i.e. total shear divided by the norm of Burgers
vector) obtained by CPFEM. Obviously, the experiment
and CPFEM are in qualitative agreement, both show-
ing dislocations on Pyr1 planes are notably more active
in HCP-MPEA than in Ti, contrasting with the lesser
activity on prismatic (Prism) planes. The slip activity
evolution with strain predicted by CPFEM (Figure 4(f))
further pinpoints that the enhanced dislocation activities
in HCP-MPEA on Pyr1 plane stem not only from the
Pyr1 < c+a> slip mode but also from the Pyr1< a>
slip mode (the enhancement of the latter is actually even
more pronounced). This concurs with the reduced CRSS
gap in HCP-MPEA between the two Pyr1 slip modes and
the prism< a> slip mode, as illustrated in Tables 1 and
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Figure 3. An example of the present large-area high-resolution quasi-in-situ slip trace analysis: (a) a representative area observed under
SEM alongside theoretical slip traces for various slipmodes; (b) grain-by-grain high-resolution slip trace analysis uncovering very fine slip
traces. The yellow, navy, orange, and olive lines represent Basal, Prism, Pyr1, and Pyr2 slip traces, respectively.

2. It agrees as well with our prior first-principle calcula-
tions and dislocation density measurement [28], which
show that the Peierls stress ratio between non-Prism
dislocations and Prism< a> dislocations are signifi-
cantly reduced by the high alloy concentration and local
fluctuation intrinsic to HCP-MPEAs, giving rise to the
enhanced activity of Pyr1< a> and Pyr1 < c+a> , and
thus resulting in a higher < c+a> dislocation propor-
tion in the HCP-MPEA than in the Ti. In this sense,
the present CPFEM faithfully reproduces not only the
macroscopic mechanical behavior of HCP-MPEA and
Ti, but also their mesoscale distribution of slip activities.
Therefore, it underpins the subsequent application of the
model to examine mesoscale stress–strain distributions
and their implications for mechanical properties.

To eliminate the influence of microstructure and tex-
ture, CPFEM for both HCP-MPEA and Ti was con-
ducted using identical ‘virtual’ microstructures (Figure
5(a,b)) but with material-specific CRSS and hardening
parameters from Tables 1 and 2. The results reveal that
despite sharing the same microstructure, Ti is more sus-
ceptible to stress (indicated by red arrows in Figure
5(c1∼ c2)) and strain concentration (highlighted by the
green arrows in Figure 5(d1∼d2) and the line profile
in Supplementary Materials). Figure 5(e,f) offer a quan-
titative comparison of the normalized Von Mises stress
(local VonMises stress divided by themacroscopic stress)
distribution and the normalized Von Mises strain (local
Von Mises strain divided by the macroscopic strain)
distribution in HCP-MPEA versus Ti. In Figure 5(e),

HCP-MPEA shows a sharp peak at unity, whereas Ti fea-
tures not only a broader main peak around the same
value but also an additional minor peak at ∼1.5. This
indicates that Ti experiences more extensive stress con-
centration, with a considerable fraction of the material
subjected to local stresses approximately 1.5 times the
macroscopic Von Mises stress. A similar, albeit less pro-
nounced, pattern is observed in Figure 5(f). Here, Ti has
a higher proportion of areas with local strains deviating
wildly (towards both higher end and lower end) from the
macroscopic strain, indicating more widespread strain
localization compared to HCP-MPEA.

The reduced stress/strain concentration in the single-
phase HCP-MPEA should arise from the enhanced inter-
granular strain compatibility within the material, which
is usually believed to be controlled by the slip transfer
[31,36,39,48,49]. Typically, the likelihood of slip trans-
fer is determined by the Luster-Morris factor m′, which
is defined as m′ = cosψ cos κ , where ψ is the angle
between slip plane normal directions, κ is the angle
between slip directions [48,50]. A higher m′ value signi-
fies better alignment of slip systems across grain bound-
aries, facilitating slip transfer [51,52]. Since effective slip
transfer can mitigate stress/strain concentration [51], the
more profuse the slip transfer, the better the intergranu-
lar compatibility [36]. However, what initially perplexes
us is that despite HCP-MPEA and Ti displaying similar
m′ distributions (due to their nearly identical misorien-
tation distribution functions, see Figure S5), Ti exhibits
significantly more slip transfer events than HCP-MPEA
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Figure 4. Slip activity analysis: (a) a representative region in HCP-MPEA before tension; (b) FE mesh generated for the area shown in (a),
used as input for CPFEM; (c) SEM image showing surfacemorphology of the same area as (a) after applying a true plastic strain of ∼ 0.08;
(d) CPFEM-predicted slip activity distribution; (e) experimental slip trace statistics alongside the normailzed shear on different slip planes
predicted by CPFEM; (f ) Variation of slip activity with strain. In (d), labels 1, 2, and 3 indicate Prism< a> , Pyr1< a> , and Pyr1< c+a>
slip systems, respectively. In (f ), labels 1 and 2 denote the data for Ti and HCP-MPEA, respectively. The bars indicate experimental data,
while the scatter symbols represent normalized shear values derived from CPFEM. Empty symbols and unpatterned bars correspond to
Ti, while solid symbols and patterned bars denote HCP-MPEA. Distinct colors differentiate the various slip planes.

does. Moreover, although Ti shows a higher frequency of
slip transfer, it paradoxically demonstrates a more het-
erogeneous stress/strain distribution, marked by more
pronounced stress/strain localizations near grain bound-
aries and triple junctions. These phenomena highlight
two critical insights into the differing strain accommo-
dation pattern of the two materials: (1) the occurrence
of slip transfer in HCP-MPEA does not seem to be dic-
tated solely by geometrical considerations such as m′,
unlike in Ti where the m′ criterion predicts slip transfer
event more accurately; and (2) the strain incompatibility

in HCP-MPEA appears to be mitigated through mecha-
nisms other than intergranular accommodation, which,
in contrast, plays a significant role in the ductility of Ti.

The first observation corroborates findings frommul-
tiple studies emphasizing the need to incorporate addi-
tional factors, such as the Schmid factor, into slip trans-
fer criteria [31,40,53]. In fact, in one of our previous
publications [28], we introduced a slip transfer proba-
bility criterion that takes into account grain orientation,
grain boundarymisorientation, grain boundary strength,
and CRSS. Following this methodology and applying
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Figure 5. Mesoscale stress/strain distribution: (a) ND-IPF map of a typical virtual microstructures before tension; (b) the FE mesh gen-
erated according to (a); (c) map of normalized Von Mises stress; (d) map of normalized Von Mises strain; (e) statistical distribution of
normalized Von Mises stress; (f ) statistical distribution of normalized Von Mises strain; (g) a representative region showing slip transfer
in Ti; (h) statistical distribution of m′; (i) statistical distribution of slip transfer probability. Labels 1 and 2 in (c) and (d) denote Ti and
HCP-MPEA, respectively.

the optimized CRSS values outlined in Tables 1 and 2,
we calculated the slip transfer probability for both Ti
and HCP-MPEA. (readers are referred to Supplementary
Materials for the detailed calculation process). Unlike
the m′ values, which are geometrically identical for both
materials as shown in Figure 5(h), the slip transfer
probability—incorporating physical properties such as
CRSS—provides a plausible qualitative rationale for the
observed differences in slip transfer frequency between
Ti and HCP-MPEA, as depicted in Figure 5(i). This indi-
cates that the influence of grain boundary strength and
CRSS account for the significantly lower propensity for
slip transfer in HCP-MPEA compared to Ti.

As for the second point, the need to keep defor-
mation continuity requires strain accommodation, achi-
eved through either intergranular or intragranular
mechanisms. Ti exhibits a large CRSS gap between its
soft and hard deformation modes. To accommodate the
resulting strain incompatibilities, deformation must be
managed at the grain boundaries, necessitating exten-
sive slip transfer. While this may aid intergranular strain
accommodation and improve ductility [41,45], it leads to
a reducedHall-Petch slope and less effective grain bound-
ary strengthening [43]. Coupled with the inherently low
CRSS of pure metals, this results in a good ductility
but a rather low strength in Ti, which is unfavorable to
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strength-toughness combination. In contrast to Ti, first
principle calculations [28] and CPFEM results (Tables
1 and 2) both demonstrate that the HCP-MPEA has
a narrow gap of slip resistance between hard and soft
deformation modes. This leads to a more uniform dis-
tribution of slip activities across all slip systems, which
enhances the intragranular strain compatibility. Con-
sequently, HCP-MPEA demonstrates less dependence
on grain boundary mechanisms, such as slip transfer
and grain boundary sliding (GBS), for achieving strain
accommodation. This is evidenced by the scarce occur-
rence of slip transfer events. The alleviated reliance on
grain boundaries for strain accommodation, combined
with the substantial CRSS increase afforded by solu-
tion strengthening inherent to all MPEAs, should be
the underlying reason for the HCP-MPEA’s exceptional
strength-toughness combination (Figure S1).

Summary and conclusions

Unlike pure Ti, which depends on widespread slip
transfer at grain boundaries to manage strain incom-
patibilities—resulting in low strength but high ductil-
ity—the HCP-MPEA achieves an outstanding strength-
toughness combination through its intrinsically high
slip resistance and a more uniform pattern of intra-
granular deformation. The former bolsters strength,
whereas the latter curtails the occurrence of signifi-
cant stress localizations at grain boundaries and triple
junctions. The underlying mechanism for this improved
mesoscale deformation homogeneity is the enhanced
activity of dislocations on pyramidal planes, facili-
tated by the reduced CRSS disparities among different
slip modes. The elevated pyramidal slip activity ren-
ders the grains in HCP-MPEA ‘self-compatible’ and
thus become less dependent on grain boundary mech-
anisms such as slip transfer for the purpose of strain
accommodation
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