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A B S T R A C T

Grain boundary (GB) engineering is an effective tool for improving the mechanical properties of metallic ma
terials. In this study, we added 30 appm boron (B) to an equiatomic TiNbZrHfTa refractory high-entropy alloy 
(HEA), and found that the GB chemistry has been altered. B preferentially segregates to GBs with the co- 
segregation of Zr and depletion of Nb and Ta, as revealed by atom probe tomography probing. This change in 
GB chemistry affects the macroscopic load-bearing performance of the HEA, where a reduction in the yield 
strength by ~6.2 ± 0.7% is observed, i.e., 869.8 ± 10.4 MPa of the B-doped HEA vs. 920.7 ± 3.7 MPa of the B- 
free HEA. Additionally, a correlation between GB chemistry and the plastic deformation at GBs is found, indi
cated by changes in the crystallographic slip traces and the Luster-Morris compatibility factor among adjacent 
crystals. More specifically, we find that (i) B-decorated GBs accommodate higher adjacent plastic strain levels, 
which is manifested as an out-of-plane offset (via GB shear localization) between two neighboring grains; and (ii) 
in the B-doped case, slip transfer across GBs requires a lower misalignment between slip planes or slip directions 
as compared with the B-free sample. This study thus enhances our understanding of the role of GB chemistry in 
the mechanical properties of polycrystalline body-centered cubic HEAs, leveraging opportunities for GB segre
gation engineering in this field.

1. Introduction

Refractory high-entropy alloys (HEAs) composed of multiple prin
cipal elements (four or more) offer advantages over dilute alloys in 
improving mechanical and functional properties due to the quasi- 
infinite compositional space, which allows for tweaking microstruc
tures and their interplay with chemistry [1–3]. Although their high 
Peierls barrier contributes to the intrinsic high strength of these re
fractory HEAs (e.g., ~1200 MPa for TiNbZrHfTa), most of them exhibit 
low room-temperature (RT) ductility (~10% and less), making potential 
applications of these alloys challenging [4–7]. This limitation is also 
evident in the small difference between ultimate tensile strength and the 
strength for initiating cleavage fracture, which arises from the presence 
of less densely packed atomic planes in body-centered cubic (BCC) alloys 
[8,9]. This fact means that most refractory HEAs are more likely to fail in 
a brittle manner before significant plastic deformation can take place. 
Their tensile ductility usually does not exceed 10%, and most 

researchers therefore probe ductility under compression [6,10–14]. The 
low RT formability also makes it difficult to eliminate defects from 
casting in refractory HEAs, such as porosity, microcracks, dendritic 
microstructure inhomogeneities, and Scheil-segregation-related 
elemental variations that can trigger material failure [5,15]. There
fore, the design of refractory HEAs with enhanced RT formability at 
maintained high strength remains a challenge in this field.

Significant efforts, including reducing grain size, designing hetero
geneous microstructures, or introducing the transformation-induced 
plasticity (TRIP) effect, have been employed to improve the ductility 
of these alloys [15–17]. These mechanisms contribute to enhanced work 
hardening capacity, thus increasing ductility. Nevertheless, some of 
these approaches, particularly TRIP, work only for metastable alloys 
with specific alloy compositions [18,19]. An alternative strategy for 
improving the ductility of refractory HEAs is grain boundary (GB) 
segregation engineering, altering interface properties by atomic-scale 
compositional tuning of the GB decoration state [20–22]. As derived 
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from classical thermodynamics in terms of the interface isotherm, sol
utes preferentially reside at GBs driven by the reduction in Gibbs free 
energy [23–25]. Among several conceivable dopants, the metalloid 
element boron (B) has garnered significant attention for its ability to 
enhance both the strength and ductility of polycrystalline materials. Its 
effectiveness even at ppm-level concentrations makes it a cost-efficient 
alternative to more costly alloying elements [26–31]. For example, the 
addition of 400 appm B in an as-cast NbMoTaW solid solution resulted in 
mitigating oxygen contamination at GBs, thereby alleviating 
room-temperature brittleness [28]. Additionally, enhanced GB drag and 
reduced Gibbs-Thompson forces caused by B segregation can reduce 
grain coarsening during the heat exposure of polycrystalline refractory 
HEAs [27,29].

Here, we report on a counterintuitive phenomenon observed in a 30 
appm B-doped equiatomic TiNbZrHfTa refractory HEA, where yield 
strength softening (reduction by ~6.2 ± 0.7%, from 920.7 ± 3.7 MPa to 
869.8 ± 10.4 MPa) is observed, despite grain refinement being achieved 
by introducing B to GBs. To explore the underlying mechanisms for this 
unexpected softening behavior, site-specific atom probe tomography 
(APT) was conducted to measure the GB chemistry upon B doping. The 
associated plastic deformation behavior was further evaluated using 
electron backscatter diffraction (EBSD) and scanning electron micro
scopy (SEM), along with crystallographic analysis and quantitative as
sessments of micro-deformation events near the GBs. From these 
experiments, we find that: (1) B addition significantly alters the GB 
chemistry, with B and Zr appearing as co-segregants; (2) the moderate 
reduction in yield strength is mainly due to a lower Hall-Petch coeffi
cient caused by segregation of B as well as Zr at GBs, compromising 
strengthening that would have been otherwise expected by grain 
refinement; (3) GB regions tend to accommodate higher strain upon B 
doping than B-free material; and (4) the inception of slip transfer can be 
mitigated by GB strain localization, where active slip transfer is signif
icantly confined to lower misalignments for both slip planes and di
rections when B segregation is present.

2. Experimental methods

2.1. Materials

The equimolar TiNbZrHfTa refractory HEAs with and without the 
addition of 0.003 at.% (30 appm) B were cast using arc-melting under Ar 
atmosphere. Pure metals (>99.95 wt.%) were used to synthesize the 

base alloy. B doping was conducted by adding high-purity TiB2. The as- 
cast samples were cold-rolled to a total thickness reduction of 80%, 
followed by recrystallization annealing into the BCC solid solution 
regime at 1100 ◦C for 5 h under continuous helium flow. The annealed 
materials were quenched in helium atmosphere by withdrawing the 
furnace while keeping the samples inside the silica tube. The B con
centration was determined to be 5 appm and 31 appm by the Inductively 
Coupled Plasma-Mass Spectrometer (ICP-MS). This subtle contamina
tion of B in the B-free specimen is primarily attributed to the metallur
gical impurity initially present in the raw materials. Hereafter, the 
TiNbZrHfTa HEAs with the addition of 0 appm B and 30 appm B were 
denoted as B-free and B-doped specimens, respectively. We also note 
that the overall oxygen content of the specimens was below 0.40 at.% as 
measured by atom probed tomography (APT), a value not expected to 

alter the mechanical properties of the material [32].

2.2. Microstructure characterization

The metallographic specimens were ground from 220 grit up to 4000 
grit SiC sandpapers and subsequently polished with 50 nm colloidal 
silica oxide particle suspension to obtain a mirror-finished surface. A 
combination of secondary electron, backscatter electron imaging, 
energy-dispersive X-ray spectroscopy (EDS), and electron backscatter 
diffraction (EBSD) techniques was used for microstructure character
ization (Zeiss Sigma 500, Germany). The EBSD scans were carried out at 
an acceleration energy of 15 kV and a current of 5 nA, at a scanning step 
size of 1.0 μm. Post-processing of the EBSD data and the extraction of the 
crystallographic information for theoretical analysis were done using 
the commercial OIM software (version 8.0). Surface slip trace analysis 
and slip transfer quantification were carried out using a home-built 
STrCryst software package (https://github.com/shaolouwei/STrCryst).

To quantitatively explore the effect of GB chemistry on plastic 
deformation, we conducted analysis of crystallographic orientation data 
and slip line morphology to determine the activated slip modes by slip 
trace analysis. This technique has been applied before in the investiga
tion of deformation mechanisms for both single- and dual-phase metallic 
alloys [33–35]. However, three potential sources of inaccuracies should 
be mentioned: (1) slip trace observation and the associated shear 
quantification is influenced by surface quality; (2) identification of slip 
variants is complicated due to the curvature of the slip traces, especially 
in regions with high and heterogeneous local strains; and (3) the present 
work primarily focuses on slip configurations at the meso‑scale (i.e., 
grain size scale), while more complex {112} plus {123} composite slip 
plane modes might become discernable at the nanoscopic scale [36–39]. 
To mitigate potential artifacts, the specimens were tilted to ±10◦ to 
validate the occurrence of discrete crystallographically aligned slip steps 
prior to imaging. Considering the geometric relation between the crystal 
orientations and slip lines, the active slip modes can be calculated via 
the following equation, 

t =
(
g− 1⋅n

)
× N (1) 

where t represents the unit directional vector corresponding to the slip 
plane. n, and N are the unit outer normal directions of the slip plane 
(crystal frame) and sample surface (sample frame), respectively. g de
notes the orthogonal normalized coordinate transformation matrix, i.e., 
the local crystal orientation [40],  

where (φ1, Φ, φ2) are the Euler angles following Bunge’s convention, 
which can be obtained from the EBSD measurements [40]. For slip trace 
analysis, {110}〈111〉, {112}〈111〉, and {123}〈111〉 slip systems are all 
taken into consideration due to the similar packing density of the {110}, 
{112}, and {123} planes in a BCC crystal structure [37]. The angle (φ) 
between the slip line and the loading axis can then be calculated via, 

φ = arccos
⃒
⃒
⃒
⃒

t⋅f
|t|⋅|f|

⃒
⃒
⃒
⃒ (3) 

In this equation, f = [010]T, denotes the far-field uniaxial loading 
direction. Theoretical slip traces are determined by applying a ±10◦

(Δφ) deviation tolerance as compared with the experimental 

g =

⎡

⎢
⎢
⎣

cosφ1cosφ2 − sinφ1sinφ2cosΦ sinφ1cosφ2 + cosφ1sinφ2cosΦ sinφ2sinΦ

− cosφ1sinφ2 − sinφ1cosφ2cosΦ − sinφ1sinφ2 + cosφ1cosφ2cosΦ cosφ2sinΦ

sinφ1sinΦ − cosφ1sinΦ cosΦ

⎤

⎥
⎥
⎦ (2) 
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observations. The corresponding Schmid factors (m) specific to the 
activated slip systems are calculated through [41], 

m = [(g⋅f)⋅n]⋅[(g⋅f)⋅s] (4) 

Here, n and s represent the unit slip plane normal and the unit slip 
direction, respectively.

Synchrotron high-energy X-ray diffraction (HEXRD) experiments 
were conducted in a transmission mode at the Powder Diffraction and 
Total Scattering Beamline P02.1 of PETRA III at Deutsches Elektronen- 
Synchrotron (DESY) in Hamburg, Germany [42]. A beam with a fixed 
energy of 60 keV was employed to obtain a monochromatic X-ray with a 
wavelength of ~0.207 Å. The acquired diffraction peaks were integrated 
and subsequently post-analyzed using GSAS-II software [43]. Based on 
the XRD line broadening, the Williamson-Hall method was used to 
evaluate the dislocation density (ρ) in the specimens [44]: 

βcosθ = 4εsinθ +
kλ
D

(5) 

where β was the full width of half maximum (FWHM) of the diffraction 
peak at θ. ε, λ, and D represent the microstrain, the wavelength of the X- 
ray beam, and the crystallite size, respectively. k is a constant for 
different materials, where 0.94 is usually used for BCC-type alloys [45]. 
Then, the dislocation density was calculated according to [46]: 

ρ =
2

̅̅̅
3

√
ε

D|b|
(6) 

where b was the magnitude of the Burgers vector.
Atom probe tomography (APT) was employed to analyze the local 

chemistry at GBs down to near-atomic resolution. The APT tips were 
prepared using the site-specific lift-out method with the aid of the EBSD 
technique (to identify GBs prior to lift-out) using an FEI Helios NanoLab 
660i dual-beam SEM/FIB instrument. The APT measurements were 
conducted in a LEAP 5000XR instrument, operated in reflectron mode, 
to ensure high mass resolution. Laser mode APT probing was employed 
for the measurements, using a tip temperature, laser energy, pulse rate, 
and detection rate of 70 K, 60 pJ, 100 kHz, and 0.5% (5 ions per 10,000 
pulses), respectively. The reconstruction and post-analysis of APT data 
were carried out using the AP suite software (version 6.1).

2.3. Uniaxial tensile testing

Rectangular dog bone-shaped tensile specimens with a gauge ge
ometry of 4.0 × 2.0 × 1.0 mm3 were prepared using electrical discharge 
machining. The specimens were ground with SiC sandpapers (from 200 
grit to 4000 grit), followed by fine-polishing with 50 nm colloidal silica 
oxide particle suspension before tensile tests. A Kammrath and Weiss 
stress rig (strain rate: 1.25 × 10–3 s-1) equipped with an optical camera 
(every 1 s) for digital image correlation (DIC) analysis was employed for 
the tensile test. A virtual extensometer (speckle patterns) was adopted to 
measure the local strains, and the data were processed using the Aramis 
GOM Correlate 2020 software (V6.3.0, GOM GmbH). Three tests were 
repeated for each microstructural condition.

3. Results

3.1. Microstructure and grain boundary segregation upon B doping

Both B-free and B-doped TiNbZrHfTa refractory HEAs exhibit an 
equiaxed grain microstructure (Figs. 1a and b), showing a near-random 
orientation distribution, i.e., with negligible crystallographic texture 
(Fig. S1). High-angle GBs (> 75%) constitute the major type of GBs in 
both specimens. The grain sizes of B-free and B-doped specimens are 
69.9 ± 27.2 μm and 53.9 ± 23.5 μm, respectively (inserts in Figs. 1a and 
b). Grain refinement is observed in case of B addition, which will be 
discussed in detail in Section 4.1. The corresponding EDS elemental 
distribution maps across the magnified regions marked in Figs. 1a and b 
show a homogeneous distribution of all elements. Additionally, the 
compositions for the B-free and B-doped specimens are determined to be 
Ti19.77Nb18.75Zr21.27Hf20.70Ta19.51 and Ti19.21Nb18.74Zr20.66Hf20.86 
Ta20.52 (in at.%), respectively (Table S1), consistent with the nominal 
equiatomic composition.

The HEXRD profiles confirm that (Fig. 2a) both specimens reveal a 
single-phase microstructure with body-centered cubic (BCC) crystal 
structure. It is worth noting that no diffraction peaks of a boride phase 
are observed in the B-doped specimen. The lattice parameters are 3.399 
Å and 3.396 Å (Fig. S2) for the B-free and B-doped specimens, respec
tively. From the linear fitting curves of βcosθ as a function of 4sinθ 
(Fig. 2b), the microstrain (ε) and crystalline size (D) can be extracted 
from the slopes and intercepts, respectively, to calculate the dislocation 
density (Eqs. (5) and (6)). As revealed in Fig. 2c, both specimens possess 
a similar level of the initial dislocation density, i.e., 1.72 × 1014 m-2 and 

Fig. 1. Representative scanning electron microscopy (SEM) images of the (a) B-free and (b) B-doped TiNbZrHfTa HEAs, and their corresponding energy-dispersive X- 
ray spectroscopy (EDS) mapping of individual principal elements. The regions for EDS mapping are indicated by white dashed lines. The inserts represent the grain 
size distribution obtained over 50 grains from (a) and (b), respectively. TD, ND, and RD represent transverse, normal, and rolling directions, respectively.
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1.77 × 1014 m-2 in the B-free and B-doped specimens, respectively. 
These relatively high dislocation densities observed after recrystalliza
tion is mainly attributed to the low self- and solute-diffusivities of 

refractory elements and strong solute-dislocation interactions in HEAs, 
which impede dislocation cross slip and annihilation [6,47–49]. These 
results suggest that the small addition of B (30 appm) leads to a grain 

Fig. 2. (a) Synchrotron high-energy X-ray diffraction (HEXRD) profiles of the TiNbZrHfTa HEAs without and with 30 appm B. (b) Plots of βcosθ versus 4sinθ and 
their corresponding linear-fitted curves. β represents the full width of half maximum (FWHM) while θ is the diffraction angle. (c) Calculated dislocation density of the 
TiNbZrHfTa HEAs without and with 30 appm B doping.

Fig. 3. Atom probe tomography (APT) analysis for the grain boundary of TiNbZrHfTa HEAs with (a-d) 0 appm B and (e-h) 30 appm B. Grain boundaries are indicated 
by black arrows. B atomic distribution (in blue) with a 0.08 at.% and 0.80 at.% B isosurface for TiNbZrHfTa HEAs containing (b) 0 appm B and (f) 30 appm B, 
respectively. Insert in (f) shows the enrichment of B atoms (depicted in spheres) within the grain boundary. 1D concentration profiles of B, Ti, Zr, Hf, Nb, and Ta 
across the grain boundary of the TiNbZrHfTa HEAs containing (d) 0 appm B and (h) 30 appm B as highlighted with purple cylinders with a diameter of 25 nm. Red 
arrows indicate the direction of the cylinders.
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refinement but does not cause obvious changes in other microstructure 
features, such as grain morphology, phase constituent, chemistry at the 
microscopic scale, and initial dislocation density.

Although the observed grain refinement signifies potential segrega
tion of B at GBs, it remains crucial to identify the actual distribution of B 
in the specimens. B is known to preferably decorate GBs, driven by the 
reduction of their free energy according to the Gibbs adsorption theorem 
[27,29]. Three-dimensional APT analysis was therefore employed to 
quantitatively investigate the GB chemistry of both specimens (Figs. 3
and S3). The misorientations of the probed GBs are determined to be 
44.57◦ and 47.10◦ using EBSD for the B-free and B-doped specimens 
(Fig. S4), respectively. The GBs in APT datasets are identified by the 
decoration of B atoms (marked by blue dots). The B-free specimen ex
hibits a slight enrichment of B (max. 0.10 at.%) at the GB, as highlighted 
by the isoconcentration surface of B (0.08 at.%, Fig. 3b). The metal
lurgical impurity initially present in the raw materials mainly contrib
utes to this subtle contamination, consistent with the ICP-MS result. 
Additionally, co-segregation of Zr at the GB is detected up to 24.08 at.%, 
as shown by the isoconcentration surface containing 22.00 at.% Zr, in 
contrast to its bulk concentration in the matrix, i.e., 20.77 at.%. Slight 
depletion of Nb and Ta (Figs. 3c and d) by 1.92 at.% and 1.52 at.% from 
the equiatomic composition is also observed at the GB, as shown in the 
1D concentration profiles. The lowest mixing enthalpy between B and Zr 
(− 71 kJ/mol) predominantly contributes to such a co-segregation 
behavior compared to its interaction with the other principal bulk ele
ments [50]. In contrast, the depletion of Nb and Ta is mainly ascribed to 
their high mixing enthalpy with B (both values are − 54 kJ/mol) [50]. In 
the B-doped specimen, the quantity of B at GBs is much more pro
nounced as highlighted by a set of isosurfaces delineating regions con
taining more than 0.80 at.% B (Fig. 3f). An enrichment of up to 1.98 at.% 
B is found at the GB, whereas the concentration of B in the matrix is 
below 0.10 at.% (Fig. 3h), demonstrating that B is indeed trapped at the 
GBs. Similar to the B-free specimen, co-segregation of Zr at the GB is 
observed in the B-doped specimen (Fig. 3g), but with a much higher 
concentration, reaching up to 28.20 at.% (Fig. 3h). Additionally, 
depletion of Nb and Ta is observed with a stronger extent (a reduction of 
3.27 at.% and 3.36 at.% for Nb and Ta, respectively). These differences 
in GB chemistry between the B-free and B-doped TiNbZrHfTa HEAs can 
significantly affect not only the microstructure (e.g., grain refinement) 
but also the mechanical response of the materials, particularly those 
associated with GB properties (GB strengthening, GB strain localization, 
slip transfer across the GB, etc.). These aspects will be elaborated further 
in the Discussion section.

3.2. Tensile properties of alloy variant with addition of B

Fig. 4a presents the uniaxial tensile properties of the TiNbZrHfTa 
refractory HEAs without and with B addition (using three repeated flat 
tensile tests). The B-free specimen plastically yields at 920.7 ± 3.7 MPa, 
followed by a modest strain hardening process, reaching an ultimate 
tensile strength of 940.4 ± 15.2 MPa at a uniform elongation of 3.80%. 
In contrast, a lower yield strength of 869.8 ± 10.4 MPa is observed for 
the B-doped specimens (insert in Fig. 4a), with a reduction by 6.2 ±
0.7% compared with the B-free specimens. As B addition in other alloys 
often results in an enhancement in strength [26,29,30], such yield 
strength softening by B addition as found here for the B-doped 
TiNbZrHfTa alloy necessitates a more fundamental understanding of the 
underlying mechanism, which will be discussed in Section 4.1. Both 
alloys exhibit a similar level of total elongation (22.2 ± 0.2% and 20.9 ±
1.1% for B-free and B-doped specimens, respectively), and 
strain-hardening rates (Fig. 4b).

3.3. Slip trace analysis

Figs. 5a and b show two regions of interest that underwent defor
mation via multiple slip and cross slip in the B-doped specimen. In 
addition, predominant single slip regions also occurred inside the grains 
(Fig. S5). The determination of different slip activities was conducted 
using fast-Fourier transform patterns, and the corresponding details are 
revealed in Fig. S6. In the multiple slip example, two types of straight 
slip traces (with different Burgers vectors) were found with an inter
secting angle of 45.66◦. These two slip traces were identified to be the 
(121)[111] (m = 0.381) and (231)[111] (m = 0.326) slip systems, as 
revealed when comparing the observed slip traces with the calculated 
ones (Fig. 5a). For the cases shown in Fig. 5b, curved slip traces (with the 
same Burgers vector) were identified, corresponding to the activated 
(123)[111] (m = 0.468) and (112)[111] (m = 0.448) slip systems. This 
transition between active slip planes is indicative of cross-slip, which is 
one characteristic feature of slip activity in BCC systems [8]. It is 
important to note that cross-slip in BCC systems often manifests itself in 
the form of continuous and frequent slip-plane alternation or pencil 
glide, distinct from classical discrete cross-slip events typically observed 
in face-centered cubic (FCC) crystals [8,39,51,52]. In addition to the slip 
activities in the grains, the presence of GB strain localization was 
observed as an out-of-plane offset between adjacent grains (e.g., G1 and 
G2 in Figs. 5c, S5, and S7). In this case, plasticity is accommodated by 
GB strain localization. A sharp increase in gray value in the secondary 
electron image (by ~101) is detected across the GB region (Fig. 5d). 

Fig. 4. (a) Engineering stress-strain curves of the TiNbZrHfTa HEAs without and with the addition of B at 30 appm. The mean values (shown as open circles) and 
corresponding error bars are obtained over three repeated tests. Insert is the enlarged view of the strain range from 0.5% to 3.0%, revealing the yield strength 
softening in the specimen with the addition of 30 appm B. (b) Strain-hardening rates as a function of true strain.

C. Wu et al.                                                                                                                                                                                                                                      Acta Materialia 311 (2026) 122210 

5 



Therefore, we adopted the first derivative of gray value (the absolute 
value above 20) as an indicator to identify the strain localization at the 
GB instead of milling all the GBs for side-view observations (Fig. S8) for 
quantitative assessments on the deformation modes accommodating 
plasticity.

4. Discussion

4.1. Competing effects between Hall-Petch coefficient (Ky) and grain size 
(d) on the change in yield strength

A decrease in yield strength was observed in the B-doped specimen 
compared with the B-free reference material (Fig. 4a). This yield 
strength softening behavior seems contradictory to many earlier obser
vations on the simultaneous increase in both yield strength and ductility 
found in other metallic materials with B addition, e.g., steels, Ti-based 
alloys and metal matrix composite [26,29–31]. Generally, in a linear 
mean-field approximation, yield strength (σys) of metallic alloys can be 
expressed as follows [53], 

σys = σgb + σdislo + σP + σss (7) 

where σgb, σdislo, σP, and σss denote the strengthening effects from GBs, 
dislocations, precipitates, and solid solution, respectively. In this study, 
changes in the σdislo (similar dislocation densities in the initial state, 
Fig. 2c), σP (no formation of secondary phases, Fig. 2a), and σss (similar 
alloy composition as well as the appm-level addition of B, Fig. S9) are 
not affected upon B doping. Therefore, the decrease in yield strength in 
the sample with B addition is mainly ascribed to the contribution from 
GBs (σgb). This hypothesis also aligns with the experimental observa
tions that the major differences in microstructure in these two specimens 

are the grain size and the elemental segregation at GBs (Figs. 1 and 3). 
The strengthening effect from GBs can be expressed by the phenome
nological Hall-Petch relationship [54–56], 

σgb = Ky

/ ̅̅̅
d

√
(8) 

where Ky is a material-dependent constant, referred to as GB resistance 
or GB strength coefficient, while d is the mean grain size. These two 
factors will be discussed in detail individually to explore the plausible 
mechanisms causing the yield strength softening.

4.1.1. Grain refinement
In the B-doped HEA, the grain size d is reduced due to the GB 

segregation of B and Zr, which promotes solute drag effects and alters 
the effective driving pressure (P) for grain growth compared with the B- 
free alloy [27,29,57]. The driving pressure for grain growth originates 
from the reduction in stored energy associated with GBs as the grain size 
increases. Assuming a uniform stored energy and isotropic distribution 
of the driving pressure, it can be approximated as: P =

αγs
R , where α, γs, 

and R represent the shape factor, boundary energy, and grain radius, 
respectively [57]. The segregation of B and Zr to the interfaces reduces 
γs, thus lowering the effective driving pressure and resulting in grain 
refinement [57–59].

In addition, this grain refinement behavior can also be captured 
within the framework of the classical mean-field grain growth kinetics 
[27], 

Dn
t − Dn

0 = C × t (9) 

where Dt, D0, and n are the measured mean grain size at annealing time 
t, initial grain size (assumed to be 1 μm [27]), and kinetic exponent 

Fig. 5. Representative B-doped grains at a global strain of 2% with (a) multiple-slip activity and (b) cross-slip activity and the corresponding inverse pole figure (IPF) 
maps as well as the slip trace analysis for identifying the operating slip systems, respectively. (c) Observation of grain boundary strain localization acquired at an 
incident plastic deformation (2% strain). The top insert in (c) is the SEM image of the cross-sectional view of the grain couple with a tilt angle of 52◦, showing the 
height misfit between the adjacent two grains (marked with G1 and G2). The bottom insert in (c) is the post-processed SEM image with a color transform using a blue 
lookup table, revealing the sharp increase in contrast at the grain boundary region. (d) The gray values across the grain boundary as highlighted by a red arrow in (c). 
All the SEM micrographs have been post-processed with a brightness increase of +20% and a contrast increase of +20% to enhance feature visibility.

C. Wu et al.                                                                                                                                                                                                                                      Acta Materialia 311 (2026) 122210 

6 



quantifying the grain growth behavior, respectively. C represents the 
kinetic constant and is expressed in Arrhenius form as C = C0 
×exp(− Q/RT) [60], where C0, Q, R, and T denote the pre-exponential 
factor, activation energy for grain growth, gas constant and annealing 
temperature, respectively. Then, we obtain, 

ln
{(

Dn
f − Dn

0

)/
t
}
= lnC0 − (Q/RT) (10) 

The kinetic exponent n generally ranges from 2 (for uniform grain 
growth) to 4 (indicating the abnormal grain growth) [61]. Here, n = 3 is 
selected for the calculation considering the broad grain size distribution 
(Fig. 1) in the investigated HEAs. With n = 3, Df =

9
8Dt can be obtained, 

representing the final grain size [62,63]. Therefore, the apparent acti
vation energies for grain growth (Q) are calculated to be approximately 
273.2 kJ/mol, and 282.0 kJ/mol for the B-free and B-doped HEAs, 
respectively. The addition of B (and the associated Zr co-segregation) 
leads to an increase in Q (Fig. 6a), thus resulting in the reduction in 
grain size d, which is consistent with the grain refinement observed after 
B doping (Fig. 1). From the mechanical point of view, however, a yield 
strength softening was revealed in the B-doped HEA, suggesting poten
tial changes in GB chemistry and its effects on the constant Ky of the 
Hall-Petch relationship (Eq. (8)). Such effects will be discussed in more 
detail in the next section.

4.1.2. The effect of grain boundary chemistry on Ky
The effect of B segregation as well as the associated alternation in GB 

chemistry can be demonstrated based on the selection of plastic yielding 
models, for example, the pile-up and the GB ledge models. In the pile-up 
model, yielding is propagated when the stress concentration is generated 
by the dislocation pile-up in one grain, activating dislocations in the 
adjacent grain. In another scenario (GB ledge model), ledges (i.e., 

atomic-scale steps) at GBs can also act as dislocation sources. In the 
current investigation, the emission of dislocations and the formation of 
dislocation channels are observed in the vicinity of the GB at an early 
stage of plastic deformation (at a global strain of around 1.2%) without 
plasticity being detected in the grain interior, see Fig. S10. These dif
ferences underpin that GBs play a key role in yielding and may serve as 
dislocation sources in the B-doped HEAs [64]. Along this hypothesis, we 
assume activation of the GB ledge mode for GB-related dislocation 
production, and Ky can then be expressed as 

Ky = αMGGBb
̅̅̅̅̅̅̅
3m

√
(11) 

where α, M, GGB, b, and m represent a material-dependent constant, 
Taylor factor, shear modulus of the GB, the magnitude of the Burgers 
vector, and the ledge density, respectively. The EBSD maps (Fig. S1) 
suggest that the types of the GBs are similar for the B-free and B-doped 
HEAs, with high-angle GBs accounting for more than 75%. The GB ledge 
density, which is a function of the misorientation angle [65], is thereby 
assumed to be identical for these two cases. It is worth noting that this 
simplification based on the statistically similar distributions of low- and 
high-angle GBs carries inherent uncertainty into the quantitative 
deconvolution of the Hall-Petch coefficient, as it neglects the possible 
atomic-scale changes at GBs induced by solute segregation (i.e., the 
co-segregation of B and Zr). Such segregation behavior can alter local 
features, such as ledge density, local disorder, and excess free volume, 
without affecting the crystalline macroscopic misorientation [21,
66–68]. These atomic-scale modifications could, in turn, influence the 
effective density of dislocation nucleation sites at GBs. Direct 
atomic-scale structural characterization of these specific GBs is required 
to quantify such segregation-induced structural changes and the 
resulting effective ledge density, which is beyond the scope of this work. 

Fig. 6. (a) Calculated activation energy for grain growth as a function of B concentration. *: data used in the calculation is shown in Fig. S11. (b) Calculated shear 
modulus across the GB with the composition obtained from APT analysis. (c) Hall-Petch constant of non-B sample over Hall-Petch constant of B-containing sample 
(KB

y /KB− free
y ) plotted against Zr concentration.
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A change in GGB is expected due to a stronger elemental segregation of Zr 
and depletion of Nb/Ta at the GB in the B-doped specimen compared 
with the B-free material (Fig. 3). As Zr possesses the lowest shear 
modulus (18 GPa), compared with Nb and Ta (38 GPa for Nb and 68 GPa 
for Ta), a reduction in GGB is anticipated and confirmed by approaching 
GGB based on the GB composition [69,70]. To semi-quantitatively assess 
how B doping influences GGB, a linear rule-of-mixture was used based on 
local GB compositions derived from APT (GGB =

∑n
1 xiGi, where xi 

represents the atomic percentage of i element), as direct experimental 
measurement of GGB is challenging. GGB is then determined to be 32.1 
GPa in the B-doped specimen, while the B-free specimen exhibits a 
higher value of 33.5 GPa (Fig. 6b). It should be noted that B is not 

explicitly considered in the above approximation due to (1) its low 
concentration relative to the principal elements, and (2) the absence of 
boride formation [71,72]. From Eq. (11), we reveal that 

KB
y

KB− free
y

∝ GGB
B

GGB
B− free

∝
∑

xGB
B∑

xGB
B− free

, indicating that Ky decreases with the increasing Zr 

concentration (Fig. 6c). This result suggests that B segregation, along 
with Zr co-segregation, reduces Ky, thereby lowering the resistance to 
dislocation emission from GBs at yielding. It is worth noting that this 
model serves as a simplified approximation. The actual shear modulus of 
GBs in an HEA depends not only on composition but also on the 
atomic-scale structure, including local disorder, excess free volume, and 
solute-induced bond-strength variations, which cannot be fully captured 
by a simple volumetric average [73,74]. These limitations introduce 

Fig. 7. Statistical analysis of plastic accommodation modes of TiNbZrHfTa HEAs with (a) 0 appm B, and (b) 30 ppm B at a strain of 2%. For improved visualization, 
SEM images are adjusted uniformly (+20% brightness, +20% contrast). Quantitative assessments of the (c) activated slip systems and (d) plastic accommodation 
modes of both the TiNbZrHfTa HEAs with 0 appm B and 30 appm B. (e) Further assessment of the GB strain localization frequency versus the types of GBs. LAGB and 
HAGB represent the low-angle GB and high-angle GB, respectively.
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uncertainty into the absolute value of GGB. However, B segregation is 
known to decrease the stress for dislocation generation from GBs, alle
viating their strengthening effects [75–77]. Additionally, co-segregated 
Zr can induce local amorphization, reducing the resistance for disloca
tion emission from GBs [78,79]. The simplified model is able to quali
tatively reflect these softening effects. Therefore, the GB ledge model 
provides a plausible explanation for the observed yield strength soft
ening, which is likely attributed to B/Zr segregation at GBs. Here, the 
distinct roles of the intentionally doped B and the co-segregant Zr are 
further elaborated. We propose that B acts primarily as a segregation 
trigger that promotes Zr co-segregation. This hypothesis is supported by 
our experimental observations of a ~5 at.% increase in Zr segregation, 
which correlates with the yield strength softening behavior. From both 
thermodynamic and kinetic perspectives, B has a higher propensity for 
GB occupancy due to its lower segregation energy (~− 1.2 eV) compared 
with Zr (~− 0.1 eV) [80,81], and its significantly higher diffusivity 
(DB ≈ 10− 13 vs. DZr ≈ 10− 18 m2/s at 500 ◦C) [82,83]. Once at GBs, B 
promotes Zr segregation due to their strongly negative mixing enthalpy 
(− 71 kJ/mol) relative to other principal elements [50]. However, we 
emphasize that the present model only reflects compositional changes, 
as it does not account for the structural modifications (e.g., free volume, 
bonding strength and atomic packing) induced by segregated atoms 
[75–79], which are challenging to probe. Furthermore, the difficulty in 
decoupling the individual contributions of B and Zr introduces addi
tional uncertainty in revealing their specific roles. These findings sug
gest the non-negligible role of the co-segregation elements (here, B and 
Zr) on mechanical properties. When deploying GB segregation engi
neering of doping elements, the co-segregation behavior of other 
alloying elements is necessary to be considered. Similar effects can also 
be rationalized by other Hall-Petch mechanisms, e.g., the dislocation 
pile-up model, wherein the co-segregation of B and Zr reduces the 
critical stress for dislocation emission from GBs, thus compromising the 
strengthening contribution induced by GBs [75–78,84,85].

4.2. Activation of grain boundary strain localization upon B doping

In addition to the yield behavior, the plastic deformation behavior is 
also evaluated and compared. In TiNbZrHfTa refractory HEAs, disloca
tion slip accounts for the primary deformation mechanism to accom
modate percolative bulk plastic deformation at RT. Generally, 
dislocation-related plasticity of BCC metals is primarily governed by 
the motion of a/2 < 111> screw dislocations, whose core structure is 
non-planar, gliding on {110}, {112}, and {123} planes, or in composite 
mode (pencil glide) [4,8,9]. To clarify the slip behavior of the poly
crystalline refractory HEA, a large region (500 × 500 μm2, with 
approximately 100 grains) at a global strain of approximately 2% was 
probed with respect to the quantitative assessment of slip traces (Figs. 7a 
and b, Tables S3 and S4). Most of grains exhibit slip traces following 
low-indexed slip planes, such as {110}, {112}, and {123}. The {112} 
(111) system is determined to be the favorable slip system for plastic 
deformation in both the B-free and B-doped specimens (Fig. 7c), sug
gesting that B addition has no observable effect on the types of slip 
systems activated for plastic accommodation. In addition, other plastic 
accommodation modes, including multiple slip, cross slip, GB strain 
localization, and slip transfer, were further analyzed and compared 
between the B-free and B-doped specimens. The total plastic deforma
tion gradient (EP), resulting from the plasticity micro-mechanisms that 
can be considered as affine shear (e.g., conservative dislocation motion 
and mechanical twinning), is given by [86,87], 

EP =
∑

α
γi( si ⊗ mi)

(12) 

where si and mi denote the orthonormal unit vectors for each plastic 
deformation mode i. γi represents the scalar shear strain associated with 
the plastic deformation mode i. While direct measurement of individual 

γi values is challenging, we adopted a simplified approach by quanti
fying slip activity based on the number of observed deformation events 
at the microstructural level. The frequency and occurrence of these 
deformation events can provide a statistical assessment of the defor
mation behavior, following here two simplifying key assumptions: (1) 
only the accommodated plastic deformation within a specific deforma
tion mode is compared between the B-free and B-doped samples, and (2) 
we assume that the shear per deformation trace feature is similar for the 
two materials, γi

B− free ≈ γi
B, given that experimental observations indi

cate the GB chemistry (and not the B solute state) as the main difference 
between these two materials.

As shown in Fig. 7d, GB strain localization becomes an additional 
deformation mode for accommodating plasticity in the B-doped HEA as 
compared with the B-free HEA. GBs, serving as a barrier against dislo
cation motion, are usually considered as the origin of strain localization 
and damage initiation once dislocations approach and concentrate on 
them, serving as a barrier against dislocation motion and thus resulting 
in stress concentration [88–90]. The associated forward stress concen
tration can be mitigated via highly localized strain deformation along or 
in the vicinity of the GB planes [91–94]. Therefore, the increase in the 
number of GB strain localization events in the B-doped material (from 8 
to 27, see Fig. 7d) suggests that GB strain localization is also accom
modating plasticity. Furthermore, GB strain localization occurs more 
frequently at high-angle GBs, particularly those with a misorientation 
angle above 30◦ (Fig. 7e). This characteristic is primarily attributed to 
the larger free volume within high-angle GBs, as free volume increases 
with the misorientation angle between grains. As a result, there is a 
stronger enrichment of B and Zr at these GBs [95,96].

While these analyses indirectly suggest the critical role of GBs in 
accommodating plastic deformation, a further question arises regarding 
the specific deformation mechanisms operating at GBs and the extent of 
plastic strain they accommodate. To this end, 300 × 300 μm2 micro-grid 
lines with a 20-μm interval were FIB-patterned to track the deformation 
micro-events (Figs. 8a and b). As validated by the laser scanning 
confocal microscopy, the grid lines exhibit an average width of 
approximately 1 μm and a depth of less than 0.5 μm (Figs. 8c-h). These 
parameters were chosen considering the average grain sizes of the 
studied alloys (~65 μm) and the available recipes from the literature 
[94]. Under tensile loading, the deformation of the micro-grid lines was 
used to quantify the total grid strain along the loading axis (εgrid), εgrid =

ΔL/L0, where ΔL and L0 represent the change in grid length and the 
initial grid length.

With the microgrid pattern made on the sample surface, the local 
strain of each small element can be quantitatively assessed by tracking 
the displacement of each grid intersection. As illustrated in Fig. 9a, the 
displacements of each intersection point along the x and y directions can 
be calculated as ui = xi

t − xi
0 and vi = yi

t − yi
0, respectively. The Green- 

Lagrange strain was subsequently employed to determine the individ
ual strain components (normal strain components (εxx, εyy, and εzz), and 
engineering shear strains (γxy, γyz, and γzx)) and the corresponding 
equivalent plastic strain (εeq) [97], 

εxx =
∂u
∂x

+
1
2

[(
∂u
∂x

)2

+

(
∂v
∂x

)2]

(13) 

εyy =
∂v
∂y

+
1
2

[(
∂u
∂y

)2

+

(
∂v
∂y

)2]

(14) 

γxy =
1
2

(
∂u
∂y

+
∂v
∂x

)

+
1
2

(
∂u
∂x

∂u
∂y

+
∂v
∂x

∂v
∂y

)

(15) 

εeq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3
(
εx

2 + εy
2 + εz

2)+
1
3

(
γxy

2 + γyz
2 + γzx

2
)

√

(16) 

Here, the displacement in the z-direction (εzz) cannot be directly 
measured using this method. However, the strain in the z-direction can 
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be inferred based on the assumption of constant volume during plastic 
deformation, expressed as εzz = − εxx − εyy. Considering that out-of- 
plane shear deformation is negligible in this study (within 4 μm, as 
evaluated in Fig. S13), γyz

2 = γzx
2 = 0, and εeq is therefore expressed as, 

εeq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3
(
εxx

2 + εyy
2 + εzz

2)+
1
3

γxy
2

√

(17) 

The microstructures of the micro-grids at a total grid strain of 16.5% 
and the corresponding εeq maps are shown in Figs. 9b-e. Before inter
preting the quantitative results from the micro-grid experiments, one 
point needs to be clarified, since the use of surface fiducial markers for 
studying plastic deformation has long been criticized for its limit to 
unambiguously capture the bulk behavior [94,98–100]. The top surface 
of the sample tends to maintain a plane stress condition, allowing grains 
to freely undergo out-of-plane shear. Consequently, a “floating grains” 
phenomenon may occur, in which grains near the surface remain 
apparently undeformed yet can still experience substantial plastic 
deformation driven by the underlying material [100]. In this study, the 
out-of-plane displacements remain moderate for both B-free and 
B-doped HEAs (Fig. S13). In addition, the presence of noticeable slip 
traces in both alloys suggests that no floating grains exist within the 
micro-gridded region, providing cross-validation of the measured sur
face strains. In the B-free sample, regions of large plastic strain are 
primarily located within the grain interiors, whereas in the B-doped 
sample, significant plastic strain is mainly concentrated at the GBs. 
Locally, the equivalent strain in the vicinity of GBs attains values as high 
as 0.5 in the B-doped sample when the overall grid strain approaches 
approximately 16.5%. The GBs exhibiting large plastic strain distribu
tions possess misorientation angles above 30◦, consistent with the pre
vious SEM observations (Fig. 7). The observed difference in strain 
distribution reveals that B addition promotes plastic strain accommo
dation at GBs, implying an increased contribution of GBs to overall 
deformation due to the alternation in GB chemistry.

The micrographs in Figs. 9f and g present the deformation details of 

two selected areas of interest at different grid strain levels. At a grid 
strain of approximately 1.1%, traits of transgranular plastic deformation 
are observed, as indicated by the presence of slip traces (here, only a 
single slip system is activated) and the slight elongation of the grid lines. 
As the grid strain increases to about 6.1%, multiple slip systems become 
active, manifested by the appearance of multiple slip traces along 
different directions. It is also worth noting that in the B-doped sample, 
distortion of the grid line also exists at the GB (with a misorientation 
angle of 30.4◦). This distortion further intensifies as indicated by the 
increasingly curved grid lines when the deformation level reaches 
~16.5%. Additionally, extensive slip band formation and the activation 
of multiple slip systems are observed in the vicinity of GBs, suggesting 
strong interactions between dislocations and GBs. This behavior is 
further indicated by the higher shear strain (γxy) distribution along the 
GBs compared to the normal strain component (εxx) (Fig. S14). In 
contrast, no obvious grid line mismatch is observed at the GB (with a 
misorientation angle of 44.9◦) for the B-free sample. These detailed 
deformation processes indicate that the underlying mechanism is slip- 
assisted GB strain localization, wherein dislocations gliding from 
neighboring grains interact with the boundary and facilitate strain ac
commodation along the GB plane [38,76,101]. In addition, such 
behavior is more prevalent in the B-doped alloy, suggesting that the 
altered GB chemistry (i.e., B/Zr co-segregation) may enable GBs to act as 
an additional pathway for accommodating plastic deformation. This 
tendency is primarily attributed to the decreased GB shear modulus 
upon B doping (Section 4.1.2), which reduces the resistance to GB shear 
localization during plastic flow. This GB softening thereby increases 
their ability to sustain higher plastic strain [76,102].

Similar trends can also be reflected from the kernel average misori
entation (KAM) maps of the B-free and B-doped HEAs acquired in re
gions adjacent to the fracture surface (Fig. S15). The B-free specimen 
exhibits a broad KAM distribution in the interior grain, with an average 
KAM value of 0.757±0.023◦, much higher than that (0.543±0.012◦) for 
the B-doped one (Fig. S15g). In comparison, as revealed in Fig. S15h, a 
higher average KAM value (0.828±0.038◦) is determined at GBs with B 

Fig. 8. Undeformed micro-gridded microstructures of TiNbZrHfTa HEAs with (a) 0 appm B and (b) 30 appm B. GBs are indicated by red solid lines, and the cor
responding EBSD IPF maps of both samples are shown in Fig. S12. εxx and εyy indicate the loading direction and the transverse direction, respectively. Three- 
dimensional profiles acquired by laser scanning confocal microscopy validating the depth of the micro-grid lines in TiNbZrHfTa HEAs with (c, e, and g) 0 appm 
B and (d, f, and h) 30 appm B.
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addition as compared with the specimen without B addition (0.734 
±0.029◦), indicating a more intense strain localization at GBs upon B 
doping. These strain partitioning behaviors suggest that strain tends to 
be redistributed between grain interiors and boundaries due to B addi
tion. In this case, GBs can accommodate higher strain than those of the 
B-free case, further demonstrating that the addition of B alters the 
mechanisms for plastic accommodation, rendering GBs an additional 
mode for accommodating plastic deformation in TiNbZrHfTa.

4.3. Competition between grain boundary strain localization and slip 
transfer

While GB strain localization events increase with B addition, the B- 
doped specimen exhibits fewer slip transfer events (28 vs. 36 for the B- 
free one, see Fig. 7d), indicating a phenomenological retardation effect 
on slip transfers due to B segregation. These results suggest a competi
tion between these two deformation mechanisms at GBs: slip transfer 
across GB vs. GB strain localization [91,92]. To unravel this competition, 
the relationship between GB strain localization and slip transfer, as well 
as their dependence on the presence of GB segregation, was systemati
cally evaluated (Fig. 10). The Luster-Morris geometric compatibility 

Fig. 9. (a) Deformation measurement of the grid points. SEM images of the deformed micro-grid patterns of TiNbZrHfTa HEAs with (b) 0 appm B and (c) 30 appm B, 
and (d-e) the corresponding equivalent plastic strain (εeq) maps with a total grid strain of ~16.5%. εxx and εyy indicate the loading direction and the transverse 
direction, respectively. Detailed assessments of the strain localization processes in the selected areas of TiNbZrHfTa HEAs with (f) 0 appm B and (g) 30 appm B as a 
function of grid strain levels. GBs are indicated by red arrows, and the corresponding misorientation angles are shown in parentheses.
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factor (mʹ) was employed to quantify the condition for slip transfer 
micro-events [103], 

mʹ =
[(

g− 1
1 ⋅s1

)
⋅
(
g− 1

2 ⋅s2
)]

⋅
[(

g− 1
1 ⋅n1

)
⋅
(
g− 1

2 ⋅n2
)]

(18) 

which considers the misalignment between slip directions at the indi
vidual grain (s1 and s2) together with the misalignment of these corre
sponding slip plane normals (n1 and n2). When mʹ closes to 1, it indicates 
a high tendency for slip transfer across GBs. Otherwise, the slip transfer 
is suppressed for an mʹ value close to 0. Furthermore, the misalignment 
angle between the slip directions (κ) and the misalignment angle be
tween the slip normals (ψ) can also be determined through: 

κ = arccos
[(

g− 1
1 ⋅s1

)
⋅
(
g− 1

2 ⋅s2
)]

(19) 

ψ = arccos
[(

g− 1
1 ⋅n1

)
⋅
(
g− 1

2 ⋅n2
)]

(20) 

To ensure statistical robustness, at least 20 grains exhibiting slip 
transfer events were analyzed and the corresponding crystallographic 
details were summarized in Tables S5-S7. An inverse correlation of mʹ 

with the misorientation angle is observed, suggesting a geometrical 
dependency for slip transfer (Fig. 10d), i.e., slip transfer is favored for 
low-angle GBs (LAGBs, < 15◦). This dependency is consistent with the 
literature reported on single-phase BCC metals and also FCC pure metals 
like Al and Ni [38,91,104,105]. This behavior is primarily ascribed to 
the partial coherency of the elastic strain fields that characterize the 
LAGBs [87,106]. This feature restricts dislocation motion within LAGBs. 
As a result, LAGBs act as semipermeable barriers to dislocation 

Fig. 10. Statistical analysis of slip transfer activities of TiNbZrHfTa HEAs with (a) 0 appm B, and (b) 30 appm B at a strain of 2%. Insert in (a) shows an enlarged view 
of one slip transfer case. For improved visualization, SEM images are adjusted uniformly (+20% brightness, +20% contrast). (c) Schematic diagram demonstrating 
the competition between slip transfer and GB strain localization. (d) Luster-Morris factor (mʹ) versus misorientation angle for all surveyed grain couples. (e) Geo
metric correlation chart concerning the angles between slip directions and slip planes for all the surveyed grain couples with slip transfer.
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transmission, while simultaneously accommodating crystallographic 
misorientation through structured dislocation arrays. A closer inspec
tion of Fig. 10d indicates that the role of B in altering the slip transfer 
response: datum points tend to distribute at misorientation angles below 
60◦ (i.e., high mʹ) in the B-doped HEA as compared with the B-free one 
(from 0 to 90◦). This tendency suggests a more restrictive local geo
metric confinement of slip transfer due to B addition. Such a change in 
deformation behavior can be rationalized by the facts that: (1) the 
alternation of GB chemistry (i.e., B/Zr segregation) may influence con
figurations of GBs (e.g., GB phases, GB structures), potentially increasing 
the critical stress required for slip transfer across GBs [21,107]; (2) B/Zr 
atoms preferentially decorate dislocation cores, reducing dislocation 
mobility and slip transfer efficiency [21]. However, further systematic 
investigations are necessary to fully unravel the underlying mechanisms, 
which are beyond the scope of this study.

Fig. 10d further shows that GB-aided forward stress alleviation via 
slip transfer is hindered upon B addition, necessitating an alternative 
deformation pathway at GBs. This feature implies the increased strain 
localization at GBs upon B addition. Therefore, in the B-doped HEA, GB 
strain localization is prone to occur primarily at GBs where adjacent 
grains exhibit slip traces that are either parallel to or highly intersecting 
with the GBs. This phenomenon acts as an additional mechanism for 
accommodating plastic deformation, with local KAM values of grain-to- 
grain mismatch reaching up to 2.082±0.178◦ (see Fig. S15h). For a 
more precise quantification, we also computed the ψ versus κ diagram, 
assessing the respective contributions from slip direction misalignment 
and slip plane misalignment. A greater tolerance to geometrical align
ments, including both the slip direction (0◦ < κ < 76◦) and slip plane (0◦

< ψ < 83◦) misalignments, can be revealed for the B-free specimen as 
compared with the B-doped one (lower than 56◦ and 48◦ for κ and ψ, 
respectively). Upon B doping, the sensitivity of the slip transfer to ψ is 
lower than κ. This difference may be due to the B/Zr segregation at GBs 
(e.g., the change in GB structure, or the interaction between segregated 
atoms and dislocations), as ψ quantifies the possibility of local GB plane 
distortion to accommodate the imposed deformation states [21]. Addi
tionally, the frequency of slip transfer occurring within the contour line 
with an isovalue of 0.9 (shown in blue lines) of the B-doped HEA is 
53.8%, significantly higher than that of the B-free HEA (29.0%). This 
behavior further confirms a stronger geometrical dependence for slip 
transfer in the B-doped case. Such a correlation indicates that upon B 
doping, the B and Zr co-segregation tends to facilitate the plastic 
deformation at or near GBs instead of the slip transfer across GBs. A 
plausible mechanism can be that the stored dislocations in the vicinity of 
GBs are mainly absorbed and driven to glide along GBs, where GB 
segregation promotes this process [21,105]. In this scenario, the dislo
cation behavior at GBs is influenced by GB segregation as the GB 
chemistry and the energy landscape at these interfaces are altered [21].

5. Conclusion

In this study, the mechanical behavior in a polycrystalline 
TiNbZrHfTa refractory high-entropy alloy (HEA) with the addition of 30 
appm boron (B) was systematically and quantitatively investigated and 
compared with the B-free reference sample. The major findings are 
summarized as follows: 

(1) The ppm-level addition of B (here, 30 appm) could result in a 
reduction in grain size from 69.9 ± 27.2 μm to 53.9 ± 23.5 μm 
due to the solute drag effect of B on grain growth. The grain 
boundary (GB) chemistry was significantly altered upon B 
doping, where the co-segregation of B (1.98 at.%) and Zr (up to 
28.20 at.%) accompanied by the depletion of Ta (by 3.36 at.%) 
and Nb (by 3.27 at.%) was revealed with the aid of atom probe 
tomography. The lower mixing enthalpy between B and Zr pri
marily contributed to the co-segregation behavior.

(2) Yield strength softening was observed upon B addition with a 
reduction in yield strength by ~6.2 ± 0.7%. This softening is 
mainly due to a reduction in the Hall-Petch coefficient caused by 
a change in GB chemistry (B/Zr co-segregation). The co- 
segregation reduces the shear modulus at the GB, facilitating 
dislocation emission. Such a reduction in yield strength surpasses 
the strengthening effect induced by grain refinement.

(3) GBs actively accommodate plastic deformation in the B-doped 
refractory HEA, exhibiting as slip-mediated GB strain localiza
tion, which was identified via the quantitative assessment of the 
plastic deformation modes. This change in plastic accommoda
tion mechanisms as compared with the B-free specimen suggested 
the predominant role of the local chemistry at GBs in the plastic 
deformation mechanisms in the HEA. Additionally, the slip di
rection misalignment (κ) and slip normal misalignment (ψ) re
lationships of the surveyed slip traces revealed a more stringent 
local geometric confinement of slip transfer upon B doping as 
compared with the B-free case. Such a constraint suggested a 
competition between slip transfer and GB strain localization, 
further confirming the unambiguous role of elemental segrega
tion in altering the slip transfer response.

These findings highlight the impact of ppm-level B doping on the 
macroscopic mechanical performance of the polycrystalline TiNbZrHfTa 
refractory HEAs. The observed changes in microscopic deformation 
modes illuminate the interplay between GB chemistry and plasticity 
mechanisms, offering insights into the design of advanced materials. 
Thus, this work sheds light on the GB segregation engineering strategies 
aimed at optimizing the mechanical performance of complex alloys.
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[21] D. Raabe, M. Herbig, S. Sandlöbes, Y. Li, D. Tytko, M. Kuzmina, D. Ponge, P. 
P. Choi, Grain boundary segregation engineering in metallic alloys: a pathway to 
the design of interfaces, Curr. Opin. Solid State Mater. Sci. 18 (4) (2014) 
253–261.

[22] M. Seah, Interface adsorption, embrittlement and fracture in metallurgy: a 
review, Surf. Sci. 53 (1) (1975) 168–212.

[23] M. Seah, Adsorption-induced interface decohesion, Acta Metallurgica 28 (7) 
(1980) 955–962.
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