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A new class of materials called high-entropy alloys (HEAs) constitutes multiple principal elements in
similar compositional fractions. The equiatomic Fe;gMnyoCroCo20Nizg (at%) HEA shows attractive me-
chanical properties, particularly under cryogenic conditions. Yet, it lacks sufficient yield and ultimate
tensile strengths at room temperature. To strengthen these materials, various strategies have been
proposed mainly by tuning the composition of the bulk material while no efforts have been made to
decorate and strengthen the grain boundaries. Here, we introduce a new HEA design approach that is
based on compositionally conditioning the grain boundaries instead of the bulk. We found that as little as
30 ppm of boron doping in single-phase HEAs, more specific in an equiatomic FeMnCrCoNi and in a non-
equiatomic Fe4oMny4Cri9Co1p (at%), improves dramatically their mechanical properties, increasing their
yield strength by more than 100% and ultimate tensile strength by ~40% at comparable or even better
ductility. Boron decorates the grain boundaries and acts twofold, through interface strengthening and
grain size reduction. These effects enhance grain boundary cohesion and retard capillary driven grain
coarsening, thereby qualifying boron-induced grain boundary engineering as an ideal strategy for the
development of advanced HEAs.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

High-entropy alloys (HEAs), comprising multiple principal ele-
ments, have drawn much interest due to their attractive mechanical
response [1—-10]. In contrast to traditional metal alloys that are
typically based on one or two primary elements, several properties
of HEAs were originally attributed to entropy-driven phase stability
resulting in entropy maximization as a governing design rule [4,5].
A subsidiary design strategy based on phase metastability [11—13]
enables the development of dual-phase FesoMn3oCripCoqg (at%)
non-equiatomic HEAs with high strain-hardening owing to the
activation of athermal deformation mechanisms that are activated
under load. This, in turn, leads to the highest ductility reported so
far for strong HEAs at room temperature [13].

An alternative method of strengthening HEAs involves
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exploiting precipitation strengthening through formation of sec-
ondary precipitates in a matrix phase [14—17]. Through such a
compositional modification, the room-temperature yield and ten-
sile strength values of precipitation strengthened HEAs with
appreciableductility (<30%) have been found to exceed 800 MPa
and 1.0 GPa, respectively. However, despite such progress, the
foregoing strategies suggest that there are still unresolved effects in
the utilization of such bulk compositional tuning measures towards
either enhanced phase stability or metastability, also when using
additional precipitation strengthening. The lack of sufficient room-
temperature strengths at enhanced ductility ranges (>30%) is a
point of high interest for structural applications of HEAs. For
instance, strength values of bulk compositionally tuned HEAs still
remain below those of most high-strength steels. Hence, further
modification of the bulk composition of HEAs alone fails to utilize
all available microstructure design windows and leaves the issue of
grain coarsening during thermomechanical processing unresolved.
To date, no experimental attempts have been reported to investi-
gate how solute decoration in HEAs can be used to manipulate grain
boundary characteristics and consequently the mechanical
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response.

Here, we propose a new strategy for overcoming the afore-
mentioned limitations of other recently developed HEAs, namely,
through compositional modification of the grain boundaries
instead of the bulk. The proposed strategy involves selection of a
face-centred cubic (fcc) single-phase equiatomic Fe;gMnyoCrag.
CoyoNiyg (at%) alloy and a non-equiatomic Fe49Mng4oCripCo1g (at%)
alloy [18], and doping them with 30 ppm (by weight) of boron.
Driven by the Gibbsian reduction in grain boundary (GB) energy,
the boron then segregates to the interfaces in polycrystalline ma-
terials. This effect triggers microstructure manipulation twofold.
Firstly, it enhances the load-bearing capacity of individual in-
terfaces through an increase in GB cohesion [19—26], thereby
reducing the probability of occurrence of catastrophic interface
failure in structural components. Secondly, the interface solute
decoration and the reduced GB energy introduce an enhanced GB
drag effect and a reduced Gibbs-Thomson force during recrystalli-
zation of polycrystalline materials and capillary-driven grain
coarsening, leading to grain-refinement during heat treatment
compared to undoped HEAs. The associated Hall-Petch effect en-
hances both, strength and ductility of the materials.

From a practical perspective boron doping offers two more ad-
vantages — it is more efficient to alloy the grain boundaries only
instead of the entire bulk material. Secondly, improving the me-
chanical properties through inexpensive GB dopants is more pref-
erable over the use of expensive alloying elements, such as Ni, Co,
and Cr, for further bulk compositional tuning.

Boron has been used successfully as a dopant in metallurgy,
conveying beneficial compositional effects to interfaces of poly-
crystalline materials [ 19—26]. The segregation engineering concept
proposed in this work is based on boron's well-known effect on
interfaces. Various studies reported that boron segregation leads to
changes in the GB structure, energy, composition, and properties,
yielding improved mechanical behavior [26]. When doped with an
amount below a critical level of <50 ppm (by weight), boron tends
to preferentially decorate random high-angle GBs upon moderate
diffusion heating. However, care must be exercised while applying
this effect. Beyond a certain critical doping level, the use of boron
may turn harmful leading to weakening of the GBs through for-
mation of brittle compounds that contain boron. Hence, additional
efforts have been made in this study on identifying the most
beneficial amount of boron in the equiatomic FeyoMnyoCrag-
CoyoNiyg HEA by changing doping concentrations in the range be-
tween 30 and 300 ppm (by weight).

2. Experimental

The near-equiatomic FeygMn;oCrgCozoNiyg (at%) HEA systems
and their boron-doped versions were cast in a vacuum induction
furnace (MC100V, Indutherm, Walzbachtal-Wossingen, Germany)
using pure metals (purity higher than 99.9 wt%) for the undoped
samples and a high-purity FeB lump for the boron-doped HEA
samples. Casting was performed under Ar protective atmosphere.
The obtained rectangular ingots with dimensions of
100 x 35 x 8mm> were homogenized at 1100°C for 360 min,
pickled in a 20% HCI solution, and milled to a thickness of 7 mm.
Further grain refinement was achieved through cold-rolling to a
thickness reduction ratio of 75% (the thickness changed from 7 to
1.5mm). For recrystallization of boron-doped (30—300ppm by
weight) and undoped samples, the rolled sheets were annealed at a
temperature of 800 °C for 60 min and subsequently quenched in
water. Hereafter, all specimens with boron-doped compositions are
given by weight per cent unless specified otherwise. In particular,
samples doped with 30-ppm-boron were annealed at temperatures
in the range between 650 and 1100 °C for 60 min. A schematic of
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Fig. 1. Room-temperature mechanical response of boron-doped (30 ppm, red) and
undoped (black) single-phase HEAs in the recrystallized state: (a) boron-doped and
undoped FeMnCrCoNi equiatomic samples annealed at 800 °C; (b) boron-doped and
undoped equiatomic samples subjected to annealing at 650 °C; (c) boron-doped and
undoped FeMnCrCo non-equiatomic samples subjected to annealing at 800°C. Also
included in (a) are the tensile properties of the equiatomic samples with different
boron concentrations (100 ppm, green; 300 ppm, blue). Grain sizes (dotted arrows) of
all recrystallized samples are in micrometres. HEA, high-entropy alloy. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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these thermomechanical processes is given in Supplementary
Information Fig. S1. To study boron doping also on single-phase
non-equiatomic HEAs, we synthesized boron-free and boron-
doped (30 ppm) FegoMngoCripCoqg (at%) HEAs through the same
processing, followed by 800 °C annealing for 60 min. As demon-
strated by microstructure characterization using X-ray diffraction
(XRD), both, boron-doped and undoped HEAs possess single fcc
phase structure in all grain-refined, viz. recrystallized states,
Supplementary Information Fig. S2.

Flat specimens with a gauge length of 6.4 mm, a gauge width of
2.5mm, and a thickness of 1.5mm were cut from a quarter
through-thickness position of the annealed samples for tensile
testing. A schematic illustration of the tensile specimens is pro-
vided in Supplementary Information Fig. S3. All samples used in the
tensile tests were prepared along the longitudinal direction. The
mechanical properties of the boron-doped (30—300ppm) and
undoped FepgMnyoCry9Coz0Nizg specimens subjected to thermal
annealing between 650 and 800 °C for 60 min were tested under
uniaxial tension in an Instron Model 5582 test frame (Instron Corp,
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Fe4oMnyoCri9Co19 samples were also tensile-tested. For all tensile
tests, a 100-kN load cell, operated at a strain rate of 10351 was
used at room temperature. The evolution of the local strain levels
during tensile testing was determined by the digital image corre-
lation (DIC) method. Three samples were tensile-tested for each
condition to confirm reproducibility, and representative data are
shown.

Multiple characterization techniques were used to analyse the
microstructures of the annealed and recrystallized near-equiatomic
and non-equiatomic HEA samples. For observation of the boron-
induced grain refinement in the annealed HEA samples, electron
backscatter diffraction (EBSD) analysis was performed using a field-
emission scanning electron microscopy (FE-SEM) system (Quanta
3d FEG, FEI Company, USA) equipped with an OPTIMUSTM trans-
mission Kikuchi diffraction (TKD, e-Flash"'®, ARGUSTM electron
detection system, Bruker, Germany). The EBSD data were inter-
preted using the TSL OIM data collection software (TSL OIM Anal-
ysis 7). Based on the general description that recrystallized grains
have a grain orientation spread (GOS) value <2° [27], we deter-
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Fig. 2. Comparison of the YS (filled symbols) and of the UTS (open symbols) versus TE obtained in this work (30 ppm-boron case; stars) with other recently developed HEAs
[2,10-13,17,18,28]. The YS and UTS values of the reference alloys with total tensile elongation <30% are not shown for comparison. YS, yield strength; UTS, ultimate tensile strength;

TE, total elongation.
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Fig. 3. Typical EBSD grain maps of the recrystallized Fe;oMn;Cra0Co,0Nizo HEAs subject to anneals at 800 and 650 °C: (a) undoped samples; (b) boron-doped samples with
different boron concentrations. The values of mean grain sizes dmean Of all recrystallized samples are in micrometres. To determine the grain size from the EBSD data using a
conventional mean-linear-intercept method, high angle grain boundaries with a misorientation angle >15° were defined as grain boundaries. The annealing twin boundaries were
excluded from the grain size measurement, i.e. they were not counted as grain boundaries. EBSD: electron backscatter diffraction.
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and boron-doped Fe;oMn3oCra0Co20Nizg HEA samples subjected to
annealing at temperatures of 650—800 °C for 60 min. For this pur-
pose, a large number of EBSD scans with the same probed analysis
area of 1177 x 182 um? were performed on the transverse plane of
each sample. From these EBSD maps the GOS measure was deter-
mined. Atom probe tomography (APT) tips were prepared using a
focused ion beam (FIB) milling system (FEI Helios Nanolab 650i)
from regions of interest containing high-angle GBs detected
through a prior EBSD scan. To characterize the GBs, as primarily
targeted in this work, APT tips were observed through transmission
electron microscopy (TEM) and high-resolution (HR) TEM prior to
APT analysis. Bright-field low-magnification TEM images, selected
area diffraction pattern (SADP), and HRTEM lattice images were
obtained using a JEOL 2010F analytical TEM system equipped with
an aberration corrector. The system was operated at an acceleration
voltage of 200 kV. The TEM-probed APT tips were re-sharpened
using a FIB instrument until the undesired electron-damage
layers on the tip surface were removed, and subsequently, the
chemical composition of boron at the GBs was investigated using
APT analysis (LEAP 4000X HR, Cameca Inc.) at the atomic scale. All
measurements were performed in the voltage-pulsing mode at a
detection rate of 0.2%; pulse fraction of 20%; and pulse repetition
rate of 200 kHz. All measurements were performed at 60 K under a
pressure below 1077 Pa. Deformation structures of the tensile-
tested FepoMnoCra9CozoNizg and FesoMngoCripCoqp samples were
analysed using a combined analysis involving TKD or EBSD with
TEM or HRTEM. The TKD data were interpreted using the Bruker
EBSD software.
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3. Results
3.1. Mechanical properties

Fig. 1 shows the room-temperature mechanical response of
various boron-doped and undoped equiatomic FeygMnyoCrag.
CoyoNiyg samples subjected to annealing at 800°C for 60 min
(Fig. 1(a)), and boron-doped (30ppm) samples subjected to
annealing at 650 °C for 60 min (Fig. 1(b)). Also included are the non-
equiatomic FeqoMngCrigCoip samples annealed at 800°C for
60 min, Fig. 1(c). The yield strength (YS) and ultimate tensile
strength (UTS) of all boron-doped HEAs exceed those of their
undoped counterparts subjected to the same processing routes,
while the total elongation (TE) did not show substantial changes.
Interestingly, boron doping with 30 ppm provides the most robust
properties amongst the equiatomic Fe;oMnoCroCoy0Nizg samples
(Fig. 1(a)). The grain sizes (dotted arrows) of all recrystallized
samples were in micrometres, as determined from EBSD analyses.

To underline the profound improvement in tensile properties
brought about by boron doping, specifically for the 30 ppm case,
the YS, UTS and TE of other recently developed HEA systems
[2,10—13,17,18,28] are also shown in Fig. 2. This result shows that for
both, the equiatomic FeMnCrCoNi and the non-equiatomic
Fe4oMnyoCrioCo19 HEAs, GB segregation engineering by boron
doping with 30 ppm yields a YS value of approx. 800 MPa (for
equiatomic FeMnCrCoNi annealed at 650 °C), 630 MPa (for equia-
tomic FeMnCrCoNi annealed at 800°C), and 450 MPa (for non-
equiatomic FeMnCrCo annealed at 800 °C). The alloy reached UTS
values of 1040 MPa (for equiatomic FeMnCrCoNi annealed at
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Fig. 4. (a) Variation in mean grain size of the boron-doped (30 ppm, red) and undoped (black) equiatomic Fe;oMnoCr0Co20Nizo HEAs in the recrystallized state, determined from
EBSD, as a function of annealing temperatures at an annealing time of 60 min. Inset is an enlarged view of the curve revealing an order of magnitude difference in grain size between
the doped and undoped HEAs. Plot of (D} — Dg)/t, where D is the grain size, n is the grain growth exponent, and t is the time, against the reciprocal of the annealing temperature as a
function of the values of grain growth exponent n: (b) undoped samples; (c) boron-doped samples. By changing the values of the grain growth exponent n from 2 to 4, the data
points in (b) and (c) were fitted. (d) Activation energy of fcc grain growth for the boron-doped (30 ppm, red) and undoped (black) equiatomic Fe;oMnyCraoCo20Nizg HEAS in the
recrystallized state. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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650°C), 920 MPa (for equiatomic FeMnCrCoNi annealed at 800 °C),
880 MPa (for non-equiatomic FeMnCrCo annealed at 800°C),
respectively, and TE of 57% (for equiatomic FeMnCrCoNi annealed
at 650°C), 52% (for equiatomic FeMnCrCoNi annealed at 800 °C),
73% (for the non-equiatomic FeMnCrCo annealed at 800 °C) at room
temperature, exceeding the corresponding property values of the
undoped alloys. This result confirms that compositional modifica-
tion of GBs instead of the bulk material through doping with very
small quantities (30 ppm) of boron is an efficient method for
attaining better mechanical properties of single-phase HEAs at
room temperature.

3.2. Microstructural characterization

3.2.1. Grain size variation and texture change via boron doping
The mean grain sizes of all equiatomic FeyoMnyoCra0Co20Nizg
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samples (i.e. with and without boron) in the recrystallized state (i.e.
800 and 650°C for 60 min) were determined from EBSD maps,
Fig. 3. For conciseness, the EBSD results of the samples annealed at
all the different temperatures were not shown here.

In particular, the mean grain sizes of the FeygMn3oCra9Co20Nizg
samples doped with 30 ppm of boron were determined from EBSD
maps as a function of the employed annealing temperatures.
Analysis of the fitted grain size data versus the different annealing
temperatures (Fig. 4(a)) reveals two trends concerning the influ-
ence of boron on the grain size: i) the higher the temperature, the
larger is the grain size; ii) although boron doping has a relatively
small effect on the grain size for samples with grain sizes below
3.5um (annealed at temperatures below 800 °C), the effect be-
comes much more pronounced in samples with coarser grains
(annealed at temperatures above 800 °C).

Based on the current work and earlier findings [30,31], boron
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Fig. 5. Orientation distribution functions (ODFs) in Euler space and pole figures (PFs) for the (a and c) undoped FeyMn;oCry0CoxNize and (b and d) boron-doped

Fe;oMn,Cry0C0o,0Nizo samples subjected to annealing at 800 °C and 650 °C, respectively.
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doping (30 ppm) effects on the grain growth kinetics were esti-
mated. The data were fitted by classical mean-field grain growth
kinetics, where the mean grain size and annealing time are related
by the following equation [32].

D'y — Do=Cx t 1)

where Dy, is the measured mean grain size, Dy is the initial grain
size (here, Do is chosen to be 1 um [30]), C is a constant, which
depends on the temperature and bulk alloy composition, ¢ is the
annealing time, and n is the kinetic coefficient quantifying the grain
growth behavior. The kinetic constant C for grain growth of the
boron-doped and undoped equiatomic HEA samples subjected to
annealing at different temperatures between 650 and 1100 °C as-
sumes an Arrhenius form [33].

C = Cy x exp(—Q/RT) (2)

where (j is a pre-exponential factor, Q is the activation energy for
grain growth, R is the gas constant, and T is the annealing tem-
perature. Hence, the Q value can be determined from the plot of In
{(DF — D)/t} against the reciprocal of the annealing temperature (1/
T), where Df=9/8 Dy, (D, the measured mean grain size) is the
final grain size [31].

In classical grain growth theory, the value of grain growth
exponent n for the annealed metals is typically in the range of 2 (for
a uniform grain growth process) to 4 (for a non-uniform or
abnormal grain growth process) [34]. Also, the n value is generally
provided by a double-logarithmic plot of grain sizes as a function of

4 nm

heat treatment time for the materials [30]. Due to a lack of exper-
imental results on grain size variation with annealing time, all the n
values were ranged from 2.0 to 4.0 (Fig. 4 (b) and Fig. 4(c)). The data
points for both equiatomic alloys (i.e. with and without boron) are
not linear as a function of annealing temperature for all the grain
growth exponent considered. Taking into account both the micro-
structural observations of non-uniform coarsening above 800 °C
(Fig. 3) and the retardation of grain growth due to the presence of
boron (Fig. 4(a)), we determined the best-matching fitting values of
the grain growth exponent n, which were approximately 3.0 [30]
for the undoped samples and approximately 3.75 for the boron-
doped samples, when calculating the Q values. With the fitted
values for the grain growth exponent n, the activation energies Q
for both, the boron doped and undoped samples were calculated
separately for two temperature regimes, i.e. 650—800°C (low
temperature regime, LT) and 800—1100°C (high temperature
regime, HT), i.e. Qi and Qur, respectively, Fig. 4(d). The resulting
values for Qir and Qur were found to be 227 and 331 kJ/mol,
respectively, for the undoped equiatomic HEA, and Qi = 212 kJ/mol
and Qyur = 405 kJ/mol for the boron-doped equiatomic samples. The
drastic increase in activation energies at high temperatures upon
boron doping documents its high efficiency in hampering grain
coarsening kinetics. On the contrary, the difference in activation
energies at low temperatures was not significant, because lattice
diffusion instead of GB migration might be the prevalent mecha-
nism The reason why a pronounced difference in activation energy
only exists at high temperatures could be due to the high power
index of n=3.75 that was fitted for the boron-doped samples. In
fact, a high value of the index n (Fig. 4(c)), as observed for the
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Fig. 6. Correlative analysis of the location of boron in the boron-doped (30 ppm) equiatomic Fe;oMn;oCra0Co20Nizg HEA when subjected to 650 °C annealing: (a) Bright-field TEM
image of an APT tip taken from a region containing high-angle GBs and the corresponding high-resolution TEM (HRTEM) image from the rectangle outlined; (b) APT reconstructions
from the same TEM-observed tip shown in (a). The TEM images show tips prior to APT analysis, which were further sharpened after HRTEM analysis to remove any electron-induced
damage layers on the tip surfaces. (c) 1D concentration profiles across the TEM/APT-observed GBs along the arrow integrating over the cylinder cross section as indicated in the APT
reconstruction (b). Error bars in (c) represent 2¢ measurements. APT, atom probe tomography; GB, grain boundary; TEM, transmission electron microscopy.
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boron-doped samples, indicates slow grain coarsening kinetics
resulting from the solute-drag effect that boron exerts on the
boundaries. The Qyr value of 331 kJ/mol observed for the undoped
samples is similar to that reported in an earlier study [30], where a
value of Qur =322 kJ/mol was observed.

For studying the crystallographic recrystallization texture
forming under the effect of boron doping, we analysed all EBSD
data obtained from the boron-free and boron-doped
Fe;0MnyoCrygCoxoNiyg alloys subjected to annealing at 800 and
650 °C for 60 min, respectively. From pole figures (PFs) and orien-
tation distribution functions (ODFs) plotted in Euler space the
recrystallization textures were analysed. We found that the char-
acteristic rolling texture components were reduced during recrys-
tallization similar to the texture evolution known in twinning-
induced-plasticity (TWIP) steels with low stacking fault energy
(SFE) [35]. Details of the recrystallization texture components and
their evolution during recrystallization of an undoped equiatomic
Fe;0MnyoCry0Co0Niag alloy have been described in an earlier work
of Bhattacharjee et al. [35] who reported no preferred texture
evolution during recrystallization of the boron-free FeygMnyoCrag-
CoyoNiyg Cantor alloy. As shown in Fig. 5, the PFs and ODFs of both,
the undoped and the boron-doped (30 ppm) Fep9MnygCry0C020Nizg
alloys in the recrystallized state (i.e. annealed at 800 and 650 °C)

&&= Tensile direction

reveal that the recrystallization texture consists of an incomplete
<011>//normal direction a-fiber, {112}<111> Cu and {123}<634> S
components. The a-fiber extends along the {110}<100> Goss to the
{110}<110> 90° rotated Goss through the {110}<112> Bs compo-
nent. This finding reveals no significant differences in the recrys-
tallization textures between the undoped and the boron-doped
(30 ppm) HEAs.

3.2.2. Grain boundary segregation revealed for individual boron
atoms

To reveal the exact location of boron with the aim to test our
hypothesis that it acts through GB segregation and the associated
solute drag effect, we conducted a correlative analysis using TEM
and APT [36] on the boron-doped (30ppm) equiatomic
FezoMnyoCrypCoxgNizg samples in recrystallized state. For the
650°C annealed specimen (grain size of approx. 1.8 um), random
high angle GBs were imaged using high-resolution TEM, Fig. 6(a),
and cross-correlated with the boron decoration observed by APT,
Fig. 6(b). The TEM images show one APT tip prior to APT analysis,
which were further sharpened after HRTEM observation to remove
any electron-induced damage layers on the tip surfaces. These re-
sults reveal that the boron is located at the GBs. Such boron deco-
ration behavior, demonstrated in the 650 °C annealed specimen,
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Fig. 7. (a) Representative strain distribution map of the tensile-tested Fe,oMnyoCrp0Co20Nizg HEA samples with 30 ppm boron doping. The EBSD results (IPF maps and misori-
entation maps) and TEM micrographs, taken from the region subjected to a local strain level of ~70% (marked region in (a)), of (b) undoped FeoMn3Cr20C020Nizo sample subject to
annealing at 800 °C and (c) boron-doped (30 ppm) Fe20Mn3oCr20Co20Niz sample subject to the same annealing. Strain distribution maps are obtained from digital image correlation
(DIC). The distance of sample position from the fractured surface of each sample is displayed as 0—8 mm in DIC maps. The misorientation angle maps reveal the formation of
mechanical twins (red) in the highly deformed microstructures of both the boron-doped and the undoped equiatomic samples. IPF, inverse pole figure; LAGB, low angle grain
boundary with a misorientation angle <15°; HAGB, high angle grain boundary with a misorientation angle >15°. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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was also observed in the 800 °C annealed sample (grain size of
~3.4 um), Supplementary Information Fig. S4. The 1D concentration
profiles probed across the TEM-mapped GBs by APT revealed that
for both, the 650°C and the 800 °C annealed samples, the boron
concentration reaches the respective maximum values of ~0.15 and
~0.18 (at%) at the GBs (see Fig. 6 and Supplementary Information
Fig. S4). Inside the adjacent grains, the boron concentration was
found to be below the detection limit. The principal substitutional
alloying elements Fe, Mn, Cr, Co and Ni were randomly distributed
in both the 650 °C and the 800 °C annealed samples, as confirmed
by the 1D concentration profiles and the statistical binomial fre-
quency distribution analysis taken from the matrix phase,
Supplementary Information Fig. S5. This observation suggests that
substitutional solid solution strengthening in the equiatomic HEA
acts independent of the presence of boron.

3.2.3. Deformation microstructures

To observe the deformation structures of the boron-doped
(30 ppm) and undoped HEAs, we performed EBSD and TEM prob-
ing on the Fey0MnyoCry0Co20Nizg samples in regions subjected to a
local strain level of ~70%. Fig. 7 shows (i) the representative strain
distribution map, obtained from DIC (Fig. 7(a)) within the tensile-
tested FeyoMnyoCry0CozoNizg HEA samples, (ii) the corresponding
EBSD grain orientation maps and misorientation angle maps, and
(iii) the corresponding TEM micrographs and SADP for the undoped
(Fig. 7(b)) and boron-doped samples (Fig. 7(c)), taken from the
marked region in Fig. 7(a). The deformation microstructures, ob-
tained from EBSD and TEM, demonstrate that mechanical twinning
occurred in the equiatomic HEA for both, the boron-doped and
undoped equiatomic FeMnCrCoNi tensile-tested samples at such
high deformation. Similar populations of mechanical twins were
found in both types of samples in the deformed state which in-
dicates that the boron does not profoundly affect the stacking fault

energy or the twin nucleation mechanism.

Further characterization by TKD, TEM, and HRTEM was per-
formed on the DIC-tensile tested Fe4oMny4oCripCo1p materials at a
local strain level of ~70%, Fig. 8. In the deformed microstructure of
the undoped and boron-doped FeMnCrCo HEAs (Fig. 8(a) and (b)),
primary and secondary twins were observed in the EBSD maps and
TEM micrographs. We further observed that the boron-doped
sample has a similar twin thickness distribution as the undoped
sample, Fig. 8(c).

4. Discussion

Upon boron doping, no noticeable changes were observed in the
deformation structures of both the equiatomic FeygMnyoCrag.
CoyoNiy (Fig. 7) and the non-equiatomic Fe4oMny4oCrigCo1g (Fig. 8)
HEAs. This result is consistent with the strain hardening response
with respect to boron doping, Fig. 9, i.e. boron doping with 30 ppm
did also not profoundly affect strain hardening in either the
equiatomic Fe;oMnyCra0Co20Nizg (annealed at 800 and 650 °C) or
the non-equiatomic Fe4oMny4oCri9Co1o (annealed at 800 °C) HEAs.
These observations suggest that the prevalent deformation mech-
anism in each sample type remains unaffected by boron doping
with 30 ppm, thereby explaining, both improved strength and
ductility of the HEA materials. In the non-equiatomic material,
twinning-induced plasticity (TWIP) was the predominant defor-
mation mechanism owing to the reduced stacking fault energy
[11,12]. In the equiatomic FeMnCrCoNi alloy, dislocation strain
hardening and some mechanical twinning occurred [10,37]. Hence,
the strength gain observed in both materials, i.e. the boron-doped
equiatomic and non-equiatomic alloys, relative to the undoped
samples are attributed to the effects that boron has through its
accumulation on the GBs as discussed above and not to changes in
the bulk strain hardening mechanism. This conclusion suggests

—&— Undoped

—®— 30-ppm-boron

15 30 45
Twin thickness (nm)

Fig. 8. Deformation microstructures of the tensile-tested non-equiatomic Fe,oMn4oCrioCo1o samples under externally applied tensile loads until a local strain of ~70% for (a)
undoped sample, as revealed by a combined TKD (upper image) and TEM (lower image) analysis, and for (b) boron-doped (30 ppm) sample, as revealed by a joint TKD, TEM and
HRTEM (lower right) analysis. (c) Lamellar twin thickness distribution of the two samples, determined from TKD and TEM images. TKD: transmission Kikuchi diffraction.
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Fig. 9. Strain-hardening response of the equiatomic FeyoMnyCra0C020Nizo and non-
equiatomic FeqoMnyoCripCo;p HEAs in the recrystallized state: (a) boron-doped
(30 ppm, red) and undoped (black) samples subject to annealing at 800°C; (b)
boron-doped and undoped equiatomic samples subject to annealing at 650 °C. Also
included in (a) are the non-equiatomic samples subject to the same annealing (800 °C).
Grain sizes (dotted arrows) of all recrystallized samples are in micrometres. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

that boron doping should work in a similar way also for other HEAs.

Considering the Hall-Petch relation of the annealed
Fe2oMn,oCra0Co20Niyg alloys at 800, 1000 or 1150 °C, as proposed in
an earlier study [10], we recognized that the YS value of the current
boron-free and boron-doped (30 ppm) FeagMnyoCragCo20Niyg al-
loys (annealed at 650 °C) were unexpectedly high (Fig. 1(b)). We
attribute this finding to the fact that the boron-free and boron-
doped Fe;oMnyoCryoCoy0Nizg materials were partially recrystal-
lized only upon annealing at 650 °C for 60 min. More specific, ac-
cording to the current EBSD measurements, the recrystallized
fractions of the boron-free and boron-doped (30 ppm)
Fe;0MnyoCr0Coy0Niyg alloys, when annealed at 650 °C, were ~90%
and ~83%, respectively. Recently, it was reported that partial
recrystallization in 650°C annealed Fe;gMnyCryoCoz9Nizg HEA
materials can affect YS values due to the high remaining density of
stored dislocations in the unrecrystallized grains [29].

GB strengthening ogg in metals can be calculated according to
ocg = K/vd, where K is a composition-dependent Hall-Petch

constant, representing the GB's intrinsic resistance against trans-
mission of the plastic deformation flux, and d is the mean grain size.
In this context, boron performs threefold. (i) Kinetics: Boron creates
an enormous GB drag effect as revealed by the increased activation
barriers for grain coarsening thereby reducing the interface velocity
and, thus, the grain size d. This effect acts on the argument of the
exponential GB mobility function, i.e., it is a very strong effect
already for minor doping content. Moreover, as an additional effect,
boron retards recrystallization of the cold-rolled deformation
microstructure as revealed by the increased activation barriers. This
effect is seen only in Fe;oMn;oCr0Coy0Nizg samples subjected to
the low temperature annealing of 650°C. (ii) Energetics: The
driving force for GB decoration by boron lies in reducing the
interfacial energy according to the Gibbs absorption isotherm. The
reduced GB energy linearly reduces the capillary driving force for
competitive grain coarsening and, thus, the grain size d. (iii) Me-
chanics: Solute boron may enhance the cohesion of GBs when
mechanically loaded [19—26]. Yet, further studies are required to
fully understand this mechanism. The aforementioned three effects
lead to the improved tensile properties documented in this study.
Boron segregation driven grain-size stabilization increases and
eventually dominates GB strengthening. The influence of boron-
induced GB strengthening is particularly efficient in fine-grained
samples (grain size below 3.0 um), where grain-size stabilization
and, thus, hardening have an important contribution to the overall
material strength. In samples with larger grain size, the boron-
induced increase in GB cohesion gains momentum, since larger
grains promote strain localization producing stress peaks at inter-
nal interfaces. For the 650°C-annealed Fe;oMnygCrygCo2Ning
samples showing partial recrystallization, 30 ppm boron doping
stabilizes the grain-size, increases GB cohesion and increases the
fraction of unrecrystallized grains (from 10% for undoped samples
to 17% for the doped ones). These effects improve the material's
strength by up to ~200 MPa at maintained ductility, as indicated by
arrow 1 in Fig. 10. For the 800 °C-annealed equiatomic alloys with
fully recrystallized microstructure, the joint effect of grain-size
stabilization and boron-enhanced GB cohesion contributes to the
strength increase owing to 30 ppm boron doping, causing a slight
drop in ductility (see arrow 2 in Fig. 10). Similarly, for the non-
equiatomic Fe4oMnyoCri90Co1p samples subjected to the same heat
treatment (800 °C-annealing), the joint activity of grain-size sta-
bilization and boron-induced GB cohesion improves both the
strength and ductility (see arrow 3 in Fig. 10). Because of the dif-
ference in the underlying deformation mechanisms between the
equiatomic FeMnCrCoNi and the non-equiatomic TWIP-assisted
FeMnCrCo samples, the boron-induced strength increment in the
equiatomic alloy exceeds that observed in the non-equiatomic HEA.
This result confirms that compositional modification of GBs instead
of the bulk by doping with very small concentrations of boron,
especially 30 ppm, is an efficient method for attaining better me-
chanical properties of single-phase HEAs at room temperature.

Also, the crystallographic texture evolution during recrystalli-
zation of the HEAs was analysed to reveal possible correlations
between processing and mechanical response. As we found no
significant differences in the recrystallization textures between the
undoped and the boron-doped Fe;oMn;oCra0Co29Nizg alloy variants
in the recrystallized state (Fig. 5) no corresponding texture
strengthening effect can be identified in the present study.

We found that the boron-doped HEAs reach the highest
strengths at a boron concentration of 30 ppm among all alloys
probed in the current study, Fig. 1(a). Beyond this concentration,
boron doping is less effective but still yields alloys with better
mechanical properties than undoped materials. The reduced
properties observed for the high amounts (100 and 300 ppm) of
boron doping are predominantly attributed to the formation of
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Fig. 10. Schematic of the changes of UTS and ductility (absolute levels of total tensile elongation) due to the grain size stabilization and the boron-enhanced GB cohesion. Reference
state is the undoped equiatomic (grain size of 7.6 um) sample annealed at 800 °C. Green color arrows indicate the change in tensile properties from the undoped state to the boron-
doped (30 ppm) state for each HEA system: Arrow 1, for the equiatomic FeMnCrCoNi samples annealed at 650 °C; Arrow 2, for the equiatomic samples annealed at 800 °C; Arrow 3,
for the non-equiatomic FeMnCrCo sample annealed at 800 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)
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Fig. 11. (a) Representative back scattered electron micrograph of the boron-doped (300 ppm) equiatomic FeyoMn,oCry0Co20Nize sample, showing the formation of secondary
compounds (bright contrast, arrows) along GBs. (b) Bright-field TEM image of a GB compound, obtained from TEM replica method, and (c) the corresponding diffraction pattern of

boron-related compound with fcc crystal structure.

boron-containing compounds along the GBs, as shown in Fig. 11.
These GB-compounds exhibit bright contrast in the back scattered
electron (BSE) micrograph, Fig. 11(a). Also, a representative TEM
micrograph, obtained through the replica method, and corre-
sponding SADP analysis confirm the fcc crystal structure of these
GB-compounds (Fig. 11(b) and (c)). Since Cr-boride (CrB) has the
largest negative mixing enthalpy of —45 kjmol~! among other
possible binary borides such as FeB, NiB, CoB, Cr,B, Fe;B, Ni;B and
Co,B [15,38], the GB-compounds that were generated in the 100-
and 300-ppm-boron doped Fe;pMn3oCry0Co20Nizg alloys might be
fcc-structured CrB borides. In accordance with an earlier works
[15,39], such GB-borides thermodynamically form when the solu-
bility limit of boron concentrations is exceeded. The borides can be
so brittle that they are sufficient to initiate cracks, which might lead

to premature failure and lower ductility. These borides were not
found in the 30-ppm-boron doped samples. Hence, this study
confirms that 30 ppm boron doping has to be applied in the
appropriate compositional range to serve as an efficient GB engi-
neering tool for fcc-structured HEA design.

5. Conclusion

We introduce a new HEA design approach that is based on
compositionally conditioning the grain boundaries instead of the
bulk. GB decoration via doping with an extremely small quantity of
boron enhances GB cohesion and retards capillary-driven grain
coarsening leading to grain size control. As a result, as little as
30 ppm boron doping of single-phase HEAs, shown here for
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equiatomic Fez0MnyoCraoCoooNiag and non-equiatomic
Fe40Mny4oCri9Co1g, improves their mechanical properties dramati-
cally, increasing their yield strength by more than 100% and their
ultimate tensile strength by ~40% at comparable or even better
ductility. The improvement of room-temperature tensile properties
demonstrate the success of the proposed GB alloying strategy for
HEAs. The results show that segregation of boron at GBs is an
efficient site-specific manipulation method that allows optimiza-
tion of the strengths through grain size reduction and enhanced GB
cohesion without sacrificing ductility. This method is also appli-
cable to other HEAs since it improves the GB properties without
affecting the bulk deformation mechanisms.
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