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� Coherent W (100)-TMC(100) interfaces have better stability than the semi-coherent W (110)-TMC(100) ones.
� The impurities H, He, N, O, S, and P tend to segregate to the interface and act as strong embrittlers.
� Interface provides a rapid channel to facilitate H and He transport along the interface.
� W-based materials with a multi-scale interface structure are suggested to enhance the overall performance.
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a b s t r a c t

The fundamental understanding of interface properties is crucial in materials design and lifetime pre-
dictions. In this work, the stability, adhesion and impurity-induced embrittlement of interfaces between
tungsten (W) and transition metal carbides (TMC ¼ ZrC, TiC, TaC, HfC, MoC, and VC) have been inves-
tigated by first-principles calculations. For all the systems, the coherent W (100)-TMC(100) interfaces
show better stability with lower interface energies than the semi-coherent W (110)-TMC(100) ones. The
impurities hydrogen, helium, oxygen, and nitrogen tend to segregate to the coherent interfaces and act as
strong embrittlers. Furthermore, the interface could provide a low-barrier channel to facilitate hydrogen
and helium transport. The present work provides key mechanistic insights towards interpreting recent
experimental studies of the interface structure and the hydrogen isotope retention in WeZrC, WeTiC,
and WeTaC materials under irradiation and guides the preparation of future W-based materials with
good resistance to irradiation damage.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Strengthening by adding a second phase or precipitation has
been an important approach to improve the mechanical properties
of metals [1]. The structure and energetics of the heterophase
interface play a crucial role in the materials design and lifetime
predictions [2]. On the one hand, the coherent/semi-coherent
structure is favorable for increasing the interfacial bonding
strength [2]. At the same time, the fine precipitates are used as
pining particles which suppress grain growth. The presence of
precipitates depends strongly on the interface energy [3]. The
issp.ac.cn (C.S. Liu).
higher the interface energy, the lower the driving force for forming
the interface, and so the easier the grain growth. On the other hand,
the dispersed fine-grained materials have a high-density interface
that could act as defect sinks and generally exhibit better resistance
to irradiation damage [4]. A typical example of the precipitate
strengthening is Fe by NaCl-type transition metal carbides/nitrides
(TMX, TM ¼ Mo, Nb, Ti, Zr, Hf, V, etc. and X ¼ C, N) to improve the
mechanical properties and resistance to the hydrogen embrittle-
ment [2,3,5].

Recently, themetal tungsten (W) has receivedmuch attention as
a primary candidate for plasma-facing materials (PFMs) in future
fusion reactors due to its excellent physical properties such as high
melting point and low sputtering [6,7]. To overcome the drawback
of room-temperature brittleness of pure W, advanced nano-
structured W alloys using oxide/carbide dispersion strengthening
were developed, such as WeTiC, WeTaC, WeZrC, and WeY2O3
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alloys [8]. The prepared WeTiC and WeZrC alloys show a high
fracture strength at room-temperature, super-plasticity, and su-
perior resistance to neutron irradiation and thermal heat load
[9,10]. At a low flux of 1022 m�2s�1 and fluence of 4.5 � 1026m�2,
the deuterium (D) retention in the WeTiC samples seem to be low
compared with the retention in pure W [11], but at a high flux of
1023m�2s�1 and fluence of 1027m�2, the D retention in WeTiC/TaC
alloys are significantly higher compared to pure W at the low
temperature [12]. From the selected area diffraction pattern and
high-resolution transmission electron microscopy [9,13], the
particle-matrix phase boundaries have coherent structure with W
(110)||TiC(200) or W (110)||ZrC(200) orientation. This observation
follows the Baker-Nutting (BeN) orientation relationship between
bcc metals and NaCl-type carbides [5,14,15] rather than the re-
ported Kurdjumov-Sachs (KeS) orientation relationship. On the
other hand, during fusion service and manufacture, the impurities
such as H, He, N, and O are easily segregated to interfaces, leading to
the decrease of mechanical properties of materials [16,17]. There-
fore, the understanding of interface stability and cohesion, as well
as the interaction between interface and impurities, is crucial for
the development of advanced W materials by interface design.

Regarding the interface of the metal-carbide nanocomposite, it
is difficult by experimental methods to obtain the crucial infor-
mation such as interface energy and the bonding and electronic
structure around the interface, which determines the interface
stability and strength. On the other hand, atomistic simulations can
help to resolve the interface problem, and the most reliable means
for theoretical studies of materials properties are first-principles
calculations based on density functional theory (DFT) [1,18e21].
Previously, the interfaces between bcc Fe and NaCl-type pre-
cipitates have been extensively investigated by first-principles
[3,5,15,22e25]. The coherent and semi-coherent interface en-
ergies were estimated between Fe and transition metal carbides.
The Fe (100)eTiC(100) coherent interface was found to be more
stable than the Fe (110)eTiC(100) semi-coherent structure with
lower interface energy. However, for the interface between W and
transition metal carbides, few studies were reported about up to
now. It was found that the semi-coherent W (110)eTiC(100)
interface is thermodynamically more stable with lower interface
energy. Also, it shows higher interface strength than the coherent
W (100)eTiC(100) interface [26]. Additionally, the W (110)e
ZrC(111) interface is more favorable compared to others with a
strong WeC bond [27]. Recent results show that the coherent
ZrC(200)-W (100) interface has the highest interfacial stability with
the lowest interface energy [28]. However, there is an ambiguity in
the obtained interface energies because the strain energy due to a
strong strain around the interface has not been taken into account.
Furthermore, the assessment of interface on the hydrogen (H) and
helium (He) retention in carbide doped W is still an open question,
which is important to predict H recycling and retention under
operational extreme conditions. Therefore, further work is needed
to understand the relation between the interface and strain en-
ergies, the electronic structure, as well as the segregation proper-
ties of light impurities such as H and He to the interface.

To uncover the stable interface structure and its interactionwith
light element impurities, we performed first-principles calculations
to study the properties of bcc W and transition metal carbides
(TMC ¼ ZrC, TiC, TaC, HfC, MoC, and VC) hetero-interfaces and
trapping of interfaces to light element impurities (H, He, Li, Be, B, C,
N, O, S, and P). First, we calculated the interface energies of
coherent and semi-coherent interfaces to evaluate the stability of
W-TMC interfaces. We also calculated the contribution of strain
energies to the interface energies. Then, we performed the tensile
test calculations to predict the mechanical tensile strength of the
interfaces. Further, we investigated the segregation of light
impurities to the coherent interfaces to predict the trapping effect
of interfaces and examine the change of interface cohesion due to
the presence of impurities. The electronic structures of the in-
terfaces are also discussed. Finally, the interfacial structures, critical
radius of carbide particles, and the H isotope retention of carbide
doped W materials were considered with available experimental
results. These results not only provide a consistent explanation for
the recent experimental observations, but also propose guidelines
for the interface design of W materials with advanced irradiation
tolerance.

2. Computational methods

All numerical calculations were performed using density func-
tional theory implemented in the Vienna ab-initio simulation
package (VASP) code [29,30]. The interaction between ions and
electronswas described by the projector augmentedwave potential
(PAW) method [31]. The exchange and correlation functions were
taken in a form proposed by Perdew and Wang within the gener-
alized gradient approximation (GGA) [32,33]. The planewave cutoff
and k-point density were both checked for convergence for each
system to be within 0.001 eV per atom. The cutoff energy of 500 eV
was used in all calculations. All atoms were relaxed by the conju-
gated gradient method until the forces on each of them are less
than 0.001 eV/Å in our calculations.

The calculated lattice parameters of body-centered cubic (bcc)
Wand HfC, TaC, TiC, ZrC, MoC, and VC with NaCl structure are 3.177,
4.644, 4.478, 4.341, 4.728, 4.383, and 4.160 Å, respectively. These
values are in good agreement with previous experimental and
theoretical data [3,15,34,35]. It is generally expected that small
carbides such as ZrC and TiC precipitates form a coherent interface
with W. The coherent interface is the simplest ones to model. They
are characterized by a perfect alignment of atomic planes across the
interface, where the eventual lattice mismatch is accommodated by
elastic expansion/compression of one or both phases. For the semi-
coherent interface, the strain energy needed to make the interface
coherent becomes very large, and it is more favorable to form an
array of misfit dislocations to release the accumulated elastic stress.
In the present study, we focused primarily on the Baker-Nutting
orientation W (100)-TMC(100) and W (110)-TMC(100), for calcu-
lations of the coherent and semi-coherent interfaces between bcc
W and transition metal carbides, as shown in Fig. 1.

For reliable results, the slab needs to be thick enough to
resemble a bulk-like environment in the inner part. The conver-
gence of results for different interfaces concerning their cell sizes is
determined by comparing the site-projected density of states (DOS)
of the interface and the bulk supercell. Thirteen layers of W (100)
and W (110) and nine layers of TMC(100) were employed to
establish the interface models. For the W (100)-TMC(100) coherent
interface models, three kinds of interface boding states were
considered, which are (i) “W-on-C” configuration, where the W
atoms are on top of C atoms, (ii) “W-on-TM” configuration, and (iii)
“bridge” configuration where the W atoms have two C atoms and
two TM atoms as nearest neighbors. Each layer of W and TMC
contains four W atoms, four TM atoms, and four C atoms. For these
supercells, a 6� 6� 1 k-point meshwas used for the Brillouin-zone
integration. Interestingly, both the “W-on-TM” and “bridge” con-
figurations were spontaneously changed into “W-on-C” configu-
ration after complete relaxation (cell vectors and atomic positions),
indicating the latter is more stable compared to others. For the W
(110)-TMC(100) semi-coherent interface models, it is obtained by
joining two-unit cells of W (110) and three-unit cells of TMC(100).
Each layer of W and TMC contains four W atoms, three TM atoms,
and three C atoms. The Brillouin zone integrationwas sampled on a
5 � 15 � 1 k-point mesh.



Fig. 1. Atomic structures of the two investigated interface models of (a) W (100)eZrC(100) and (b) W (110)eZrC(100) interfaces. The red, brown, cyan spheres represent Zr, C, and W
atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3. Results

3.1. Interface energies

To characterize the stability of an interface, the interface en-
ergies were determined by subtracting the sum of the total energies
of all the individual phases from the total energy of the system
including the interface.

gint ¼
h
EPB� EWBulk � ETMC

Bulk

i.
2A; (1)

where EPB is the total energy of supercell containing the investi-
gated interface configuration, while EWBulk and ETMC

Bulk are total en-
ergies of supercells containing the two bulk phases with the same
numbers of atoms as the interface supercell, A is the interfacial area,
and the factor 2 in the denominator takes into account that there
are two equal interfaces in the supercell.

As described above, the bulk phases are usually strained to
match at the interface as they generally have different lattice pa-
rameters. Consequently, the interface energy includes a contribu-
tion from stress due to the lattice mismatch between two sides of
the interface [2,36]. This is not a useful definition as the interface
energy now depends on how many strained layers of the bulk are
retained in the calculations. The interface energy thus needs to be
defined relative to the strained bulk (see Fig. 2). To quantify the
strain contributions when calculating the interface energies, we
subtract off the strain energy Es by taking the total energy differ-
ence between the distorted supercells which have the lattice pa-
rameters taken from the corresponding interface models, and the
fully relaxed bulk phases, which is defined as

Es ¼
X

i¼W;TMC

�
Es;i �NiEi;bulk

�
; (2)

where Es,i is the energy of strained supercell of phase i (W or TMC)
which consists of the same atomic numbers and in-plane lattice
parameters as that in the corresponding interface models but
allowing the z-direction of the supercell to relax, Ei, bulk is the en-
ergy per unit of the relaxed bulk phase i containingNi units of phase
i.

Fig. 3 shows the calculated interface energies between W and
TMC of ZrC, TiC, TaC, HfC, MoC, and VC. The values of interface
energies, strain energies, and the corresponding fixed and relaxed
parameters on the xy interface plane are shown in Table 1. It can be
seen from Table 1 that the strain energies are closely related to the
distortion of interface plane between fixed and relaxed supercells
for W and TMC phases. After subtracting off the contribution of
strain energy, the interface energies of W (100)-TMC(100) coherent
interfaces are found to be lower than those of semi-coherent W
(110)-TMC(100) ones. This suggests that the W (100)-TMC(100)
interfaces are thermodynamically favorable and therefore likely be
formed in actual situations, which is consistent with the previous
experimental observations of the coherent interfaces with orien-
tations of W (100)eZrC(100) and W (100)eTiC(100) [9,13]. Note
that the negative g values of the W (100)eTaC(100), W (100)e
MoC(100), and W (100)eVC(100) interfaces indicate that the
interdiffusion between W and TaC/MoC/VC may occur in the
interface region. It is known that the low interface energy and
equilibrium carbon concentration are effective in suppressing the
coarsening of the second-phase during preparation [3]. So in the
point of interface energies, the TaC, MoC, and VC precipitate are
expected to be more favorable to control the size of precipitate
within the W matrix. However, so far, no experimental results
about the preparation of MoC and VC doped W materials were
reported. Moreover, the interface energy of W (100)eZrC(100) also
has a low value of 0.31 J/m2. This suggests that ZrC can be a useful
precipitate to strengthen W.

Our present results of interface energies of WeZrC and WeTiC
alloys are significantly different from the previous findings
[26,27]. This indicates the importance of strain energy to contribute
to interface energy. Moreover, the structure of the interface slab,
such as the thickness and vacuum layer, can also lead to distinct
results. However, it is worth to say that the g values of W (100)-
TMC(100) interfaces are lower than those of W (110)-TMC(100)
interfaces from both the methods. This indicates that W (100)-
TMC(100) is rather stable and, therefore, likely to be observed in
experimental studies. Those observations match well with the
orientation of coherent W (100)eZrC(100) and W (100)eTiC(100)
interfaces from experimental results [9,13].

To gain insight into the stability of W-TMC interfaces, we also
explore the electronic structure to examine the bonding properties.
Due to the interfacial diffusion in some interfaces, the charge
density difference was evaluated to the atomic electronic density,
instead of the isolated slabs. Here the charge density difference Dr

of interfaces is defined by



Fig. 2. (a) Sum of interface energy and strain energy by subtracting off total energies of relaxed A and B from that of the relaxed interface model; (b) interface energy by subtracting
off total energies of strained A and B from that of relaxed interface model.

Fig. 3. Interface energies of W (100)-TMC(100) and W (110)-TMC(100) between W and
NaCl-type carbides of ZrC, TiC, TaC, HfC, MoC and VC. Also included in the figure are the
results of strain energies.
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Dr¼ rW þ rTMC � rPB; (3)

where rPB, rW , and rTMC are the total charge density of the W-TMC
interface, and pureWand ZrC after removing the ZrC andW layers,
respectively. Negative values represent that local electrons are
Table 1
Interface energies gint, strain energies Es, and the corresponding fixed and relaxed paramet
(110)-TMC(100) interfaces.

System ( a
.� b

.
)fixed

(Å � Å)
( a
.� b

.
)relaxed-W slab

(Å � Å)
(
(

W (100-ZrC(100) 3.28 � 3.28 3.18 � 3.18 3
W (100)eTiC(100) 3.13 � 3.13 3.18 � 3.18 3
W (100)eTaC(100) 3.17 � 3.17 3.18 � 3.18 3
W (100)eHfC(100) 3.25 � 3.25 3.18 � 3.18 3
W (100)eMoC(100) 3.13 � 3.13 3.18 � 3.18 3
W (100)eVC(100) 3.07 � 3.07 3.18 � 3.18 2
W (110)eZrC(100) 9.51 � 3.25 8.97 � 3.19 1
W (110)eTiC(100) 9.08 � 3.13 8.97 � 3.19 9
W (110)eTaC(100) 9.23 � 3.17 8.97 � 3.19 9
W (110)eHfC(100) 9.43 � 3.22 8.97 � 3.19 9
W (110)eMoC(100) 9.08 � 3.13 8.97 � 3.19 9
W (111)eVC(100) 8.92 � 3.08 8.97 � 3.19 8
depleted, and positive values mean that local electrons are accu-
mulated. Fig. 4 shows the Dr distribution of atoms around the W-
TMC interfaces. It is noticed that there is a substantial rearrange-
ment of electrons around the interface from various Dr values. For
the W (100)-TMC(100) interfaces, we can find that significant
charge accumulation occurs between interfacial C and W atoms,
indicating that strong covalent bonds are formed in the interface.
This results from the valence charge transfer from W to C atoms
(based on the Bader Charge analysis) due to the higher electro-
negativity of C element thanW. The interfacial separation distances
of coherent interfaces are in the range of 2.05e2.10 Å, which is
slightly larger than the shortest distance of 1.96 Å in a bulk W. For
the W (100)eTaC(100), W (100)eMoC(100) and W (100)eVC(100)
interfaces in Fig. 4(d)e(f), except the strong bonding between W
and C atoms, the charges are delocalized and spread around the
interfacial region. This may be the reason why the interface en-
ergies show negative values. For W (110)-TMC(100) interfaces in
Fig. 4(g)e(i), the charge redistribution also mainly localized at the
interface. After relaxation, two C atoms at the layer of ZrC diffuse
toward the W layer, and the charge spread near the interface,
suggesting the formation of strong bonding between the two slabs.
3.2. Tensile test calculations

A rigid type of tensile test calculations is performed to obtain the
fracture energy Efrac and the tensile strength smax (maximum ten-
sile stress), as presented in Ref. [37e39]. A fracture plane is chosen
ers ( a
.� b

.
) of interface planes for coherentW (100)-TMC(100) and semi-coherentW

a
.� b

.
)relaxed-TMC slab

Å � Å)
Es
(W)

(J m�2)
Es
(TMC)

(J m�2)
gint (J m�2)

.34 � 3.34 0.65 0.19 0.31

.07 � 3.07 0.15 0.25 0.57

.17 � 3.17 0.01 0 �0.20

.28 � 3.28 0.31 0.09 0.51

.10 � 3.10 0.17 0.08 �0.44

.93 � 2.93 0.98 1.09 �0.20
0.03 � 3.34 1.45 1.14 1.18
.20 � 3.07 0.11 0.08 1.10
.50 � 3.16 0.25 0.26 1.28
.85 � 3.28 0.96 0.83 1.59
.30 � 3.10 0.08 0.13 �0.02
.79 � 2.93 0.44 0.34 0.45



Fig. 4. Isosurface plots of the differences in electron density of different interfaces. Light (yellow) shading shows the regions of electron depletion and light (cyan) shading shows
accumulation regions. The isovalue is 0.007 e/Å3 for W (100)-TMC(100) and 0.008 e/Å3 for W (110)-TMC(100). The lower part (olive spheres) and the upper part represent W and
different transition metal carbide structure, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

X. Wu et al. / Journal of Nuclear Materials 538 (2020) 152223 5
that gives theminimum cohesive energy. Then the upper and lower
crystal blocks are rigidly separated by distances varying from �0.1
to 0.6 nm. This calculation method is easy and convenient to obtain
smax since it avoids complex structural relaxation calculations un-
der a large strain and can calculate the different strains indepen-
dently. The fracture energy, Efrac, can be obtained according to

Efrac ¼ðEf � E0Þ
.
2A; (4)

where E0 and E∞ are the total energy of GB without separation and
that with a considerable separation distance, respectively. The total
energy versus separation distance is fitted by a universal binding
function proposed by Rose et al. [40].

f ðxÞ¼ Efrac � Efrac
�
1þ x

l

�
e�x=l; (5)

where l is the Thomas-Fermi screening length. The tensile stress is
the derivative of f(x):

f 0ðxÞ¼ Efracxe
�x=l

.
l2: (6)

The maximum of f’(x) at x¼l and corresponds to the maximum
tensile strength smax, therefore
smax ¼ f 0ðlÞ ¼ Efrac
.
le: (7)

Fig. 5(a) shows the calculated separation energies of the typical
stable W (100)eTaC(100), W (100)eVC(100), and W (100)e
ZrC(100) interfaces, as well as their Rose fitted curves. The obtained
values of fracture energies for different W (100)-TMC(100) in-
terfaces are summarized in Table 2. From Table 2, the Efrac values for
W (100)eTaC(100) and W (100)eMoC(100) interfaces are higher
than those of W (100)eZrC(100), W (100)eTiC(100), and W (100)e
HfC(100) interfaces, indicating the adhesion of the former in-
terfaces are stronger. Fig. 5(b) shows the tensile stress as a function
of the separation distance. For all the interfaces, the stress increases
with increasing separation distance to reach the maximum tensile
stress smax and then drops to reach zero. The values of smax for
different coherent interfaces were also included in Table 2. Simi-
larly, the W (100)eTaC(100) and W (100)eMoC(100) interfaces
show a relatively higher smax than others.

3.3. Trapping of light elements at interfaces

The properties of irradiation resistance of carbide dispersion
strengthening W materials are also significant for their application
as PFM in future fusion devices, especially the accumulation of H
and He under plasma. Previous experimental studies have focused



Fig. 5. (a) Separation energy and (b) tensile stress vs. separation distance of the typical
coherent interfaces W (100)eTaC(100), W (100)eVC(100), W (100)eZrC(100) in-
terfaces. The solid lines in Fig. 6a denote the fit curves by the Rose function.
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on the deuterium retention in ZrC, TiC and TaC doped W
[12,41e43]. However, the underlying mechanism of the interface as
trapping sites is still an open question. So the segregation and
cohesion behaviors of light element impurities such as H, He, Li, Be,
B, C, N, O, S and P in typical coherent W (100)eZrC(100) and W
(100)eTiC(100) interfaces were then considered.

To show how energetically an alloying atom tends to move to
the interface from the bulk phase, the segregation energy Eseg of a
light element atom X at the interface can be defined by

Eseg ¼ EXPB � EPB �
�
EXBulk � EBulk

�
; (8)

where EXPB and EPB are the total energies of the interface with and

without the atom X, respectively, while EXBulk and EBulk are the total
energies of a bulk W supercell with and without X, respectively.
Table 2
Properties of fracture energetic from theoretical tensile test calculations.

System Fracture energy (J m�2)

W (100)eZrC(100) 2.51
W (100)eTiC(100) 2.50
W (100)eTaC(100) 3.16
W (100)eMoC(100) 3.13
W (100)eVC(100) 2.72
W (100)eHfC(100) 2.49
Based on this definition, negative values of Eseg indicate that the
considered site is energetically more favorable for the atom X than
the stable site in bulk W. Then the energy needed for the atom X
from the interface escape to bulk W is defined by Ref. [5],

Eesc ¼ Eseg þ Emig þ DEf ; (9)

where Emig and DEf are the migration energy barrier for the X atom
in bulk W and the difference of solution energy between W and
TMC, respectively. To obtain the most stable site of light element
near the interface, a number of possible high-symmetry interstitial
positions near the interface were optimized. Fig. 6 shows the initial
and final positions after relaxation for the light elements. Surpris-
ingly, after structural optimization, almost all of the impurities are
not located in the interface region between the two crystals. But
instead at theW place closest to the interface, as shown in Fig. 6(b).
Note that most of the stable sites have similar symmetries as
octahedral or tetrahedral sites in bulk W. For instance, H and He
likes to stay near the tetrahedral site. At ehe same time, the im-
purities B, Be, C, N, O, P, S located at the octahedral site. Only Li
tends to stay at the bridge site between two W atoms.

The segregation energies for different impurities to the W
(100)eZrC(100) and W (100)eTiC(100) interfaces, calculated ac-
cording to Eq. (8), are shown in Fig. 7. Also included in the figure are
the segregation energies of a typical grain boundary of W S3 (111)
for comparison. For all the impurities, the segregation energies are
negative, implying that they tend to segregate to the interface from
the bulk W. Generally, the variation trend of the segregation en-
ergies is similar for all the interfaces and grain boundaries. The
impurities Li, P, and S have a strong tendency to move towards the
interface from the bulk environment. Note that for He, Li, Be, B, P,
and S, the segregation energies to the interface are higher than
those to the GB, which indicates that these impurities prefer to stay
at the GB rather than the interface. For H, the segregation energies
to W (100)eZrC(100) and W (100)eTiC(100) are �0.93 eV
and �0.88 eV, respectively, which are almost the same with that
(�0.90 eV) to W S3 (111) GB. While for He, they are �2.19 eV
and �2.42 eV, respectively, which are higher than that (�3.35 eV)
to the GB.

A small amount of impurities into GBs or interfaces can signif-
icantly modify the mechanical properties such as strength and
ductility of material. So the fracture energy of the W (100)e
ZrC(100) interface, which could provide qualitative information on
the impurity effect on the interface cohesion, were calculated from
the difference between the two total energies according to

Efrac ¼
Ef � E0

2A
; (10)

where E0 is the energy of interfacewithout separation, and E∞ is the
energy when the separation distance is so considerable that the
energy does not change any more. Fig. 8 shows the fracture en-
ergies of the W (100)eZrC(100) interface doped with different
impurities. For all the impurities, the fracture energies were lower
than that of the pure interface, indicating that all impurities
tensile strength (GPa) Critical separation (Å)

18.94 0.49
20.52 0.44
23.71 0.49
24.55 0.47
22.88 0.43
19.64 0.46



Fig. 6. (a) Initial possible positions and (b) the final stable positions for the light el-
ements segregated at the W (100)eZrC(100) interface The olive, orange, magenta, and
white spheres represent W, Zr, C, and light element atoms, respectively. The stable
position of C, N, O, S, P, Be, and B is the octahedral site at site 1, and H/He prefers to stay
at the tetrahedral-like site 2 or 3, while Li prefers to stay at site 4. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

Fig. 7. Segregation energies of the light elements H, He, Li, Be, B, C, N, O, P, and S to the
coherent interfaces W (100)eZrC(100), W (100)eTiC(100), and the grain boundary of
W S3 (111)[100].

Fig. 8. Fracture energies of the pure W (100)eZrC(100) interface and interfaces with
segregated light element H, He, Li, Be, B, C, N, O, P and S, and the bond length between
interfacial W and C (lines in Fig. 10a).
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segregated to the interface decrease the cohesion of the system.
Note that the impurities He, Li, O, P, and S decrease the fracture
energy the most, implying they are strong embrittler to the cohe-
sion. To learn more about the origin, the bond length of WeC near
the interface, marked by the line in Fig. 9, is shown in Fig. 8.
Compared to the fracture energies, these two change tendencies
are contrary across the series. As described above, the strong WeC
bond plays an essential role in the stability and cohesion of the
interface. The increase of the WeC bond length would decrease the
cohesion of the interface.

As described above, charge density plays an important role in
the analysis of interatomic bonding, as the charge accumulation/
depletion can be a direct indicator of the strengthening/weakening
of the chemical bond. Fig. 9 shows the charge density of pure W
(100)eZrC(100) interface and the interfaces doped with typical
impurities H, Li, and S. As seen in Fig. 9(a), the interfacial W and C
form a strong covalent bond after structure relaxation, which holds
the two grains together and contributes most to the interface
strength. In Fig. 9(b), the segregation of the H atom at the interface
leads to a rearrangement of the charge density distribution.
Comparing Fig. 9(a) and (b), there is a slight decrease of charge
accumulation between W and C when H is inserted. So the WeC
bond is weaker than that in the clean interface. When Li segre-
gated at the interface in Fig. 9(c), it makes a strong distortion of the
nearby structure. The WeC bond is elongated, and this is the
probable origin of the much decease strength compared to the
clean interface. For S segregated interface in Fig. 9(d), the WeC
bond is even more decreased, because considerable charge trans-
fers to the S atom due to its large electronegativity. This may be the
reason why S is a strong embrittler at the interface.

To further analyze the bonding characteristics of the W (100)e
ZrC(100) interface with impurities, the site-projected DOSs have
been performed and shown in Fig. 10. As for the perfect coherent
interface in Fig. 10(a), as described above, the adhesion strength
and stability of interface primarily depend on the hybridizations
among Zr 4d, W 5d, and C 2p states, forming a strong covalent
bonding. For H segregated to the interface in Fig. 10(b), there is no
noticeable change of interfacial atoms in the DOS compared to that
of the pure interface, but a small hybridization peak appears
at �8.0 eV between H 2s andW 5d states. So, the occupied states of
interfacial W, Zr, and C atoms were depleted, weakening the
interfacial strength. As for the interface with a Li atom in Fig. 10(c),
the s state of Li becomes non-localized andmore dispersed, and the
significant distortion around Li should be the main reason why Li
acts as a strong embrittler to the interface cohesion. As for the
interface with an S atom in Fig. 10(d), the S 2s and 2p, W 5d, Zr 4d,
and C 2p states exhibit a new narrow sharp peak at �16.2 eV and a
broad peak between �8.6 eV and �6.6 eV. The hybridization be-
tween S 2s and W 5d leads to the strong depletion of occupied
states between interfacial W 5d, Zr 4d, and C 2p, causing the sub-
stantial weakening of interface strength, which is in a good
agreement with the charge density result in Fig. 9(d).

Not only the perfect interface has been considered, but we also
calculated the trapping properties of vacancies at the coherent W
(100)eZrC(100) interface. Transition metal carbides including ZrC,
are known to exhibit significant stoichiometric variations of the
carbon sublattice, with the amount of C vacancies reaching up to



Fig. 9. Charge density for the pure W (100)eZrC(100) interface and typical interfaces with segregated H, Li, and S (isovalue is 0.083 e/Å3).

Fig. 10. Site-projected DOS of the W, Zr, C, and typically segregated impurities H, Li and S atoms located at the W (100)eZrC(100) interface. The line at the zero-energy point denotes
the Fermi level.
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50% [5,44]. Besides, the vacancies near the interface may be easily
formed during the H/He plasma irradiation under a fusion envi-
ronment. Such vacancies near the interface can facilitate H and He
trapping and diffusion. For the coherent interface, nine different
vacancy locations (V1eV6), including C, Zr, and W vacancies, were
investigated, as illustrated in Fig. 11. The vacancy formation en-
ergies were calculated according to

Ef ðXÞ¼ EVacðXÞPB � EPB þ EðXÞ; (11)

where EVacðXÞPB is the energy of the interface with a vacancy and E(X)
is the energy per atom in the bulk X phase. Here E (Zr) is the energy
per Zr atom in the hexagonal close-packed bulk Zr and calculated to
be �8.40 eV, and E(C) is the energy per C atom in the graphite solid
and calculated to be �8.01 eV. The values of vacancy formation
energies at different positions are listed in Table 3. For comparison,
the results obtained for vacancies in bulk ZrC and W were also
included. For a C vacancy, the formation energy of V1 is slightly
higher than that in bulk ZrC, while those of V2 and V3 are lower. For
a Zr vacancy, all the formation energies are lower than that in bulk
ZrC. For a W vacancy, the formation energy of V4 is found to be
lower than that in bulkW,while those of V5 and V6 are higher. Note
that the formation energies of the C vacancy are lower than others,
suggesting it will preferentially be formed under a specific condi-
tion such as high energy plasma irradiation. The binding energy of a
vacancy with H or He near the interface was calculated as follows,

EVac�X
b ¼ EVacPB þ EXPB �

�
EVacþX
PB þ EPB

�
; (12)

where EVacPB and EVacþX
PB are total energies of the interface with a

vacancy and that containing both a vacancy and an atom X,
respectively. Here for the interface with a C vacancy (V1eV3), the H



Fig. 11. Illustration of the different C vacancies positions in the vicinity of the W
(100)eZrC(100) interface. V1eV3 denote the C or Zr vacancy, while V4eV6 denote the
W vacancy.

Table 3
Characteristic vacancy formation energy Ef, segregation energy Eseg of H and He at
the vacancy and binding energy Eb between H/He and vacancy inW (100)eZrC(100)
interfaces and the bulk materials.

Energy (eV)
V1 V2 V3 Bulk

Ef(C) 2.54 2.03 2.03 2.34
Ef (Zr) 6.37 8.24 8.83 8.93
Ef(W) 2.83 (V4) 3.64 (V5) 3.45 (V6) 3.21
Eseg(H) �1.57 �1.58 �1.60 /
Eseg (He) �1.60 �1.77 �1.89 /
Eb (Vac-H) 0.92 0.93 0.95 1.19
Eb (Vac-He) 1.46 1.63 1.75 4.55
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or He atom prefers to stay at the center of the vacancy. For com-
parison, the binding energy of a vacancy with H or He in a bulk W
was calculated by

EVac�X
b ðBulkÞ¼ EVacBulk þ EXBulk �

�
EVacþX
Bulk þ EBulk

�
; (13)

where EXBulk is the total energy of the systemwith an H or He atom at

a tetrahedral interstitial site in W. EVacþX
Bulk is the total energy of the

system with an H or He atom in a W vacancy, where H likes to
occupy close to the octahedral interstitial site next to the vacancy,
and He prefers to stay at the center of the vacancy. The obtained
values of binding energies of a vacancy with H and He at the
interface and in a bulk W are presented in Table 3. It can be found
that the binding energies at the interface are generally lower than
those in bulk W. Also, the segregation energies of H and He to the C
vacancy at the interface were calculated according to
Eseg ¼ EVacþX
PB � EVacPB �

�
EXBulk � EBulk

�
; (14)

where EXBulk and EBulk are the total energies of ZrC supercells with
and without an interstitial X atom. In bulk ZrC, an interstitial H
atom is stable on the tetrahedral site surrounding one C atom and
three Zr atoms. Meanwhile, He is stable on the cube center site
surrounding four Zr atoms and four C atoms, which are in good
agreement with previous results [45e47]. The segregation energies
of H and He to the vacancy at the interface are also listed in Table 3.
It was found that the segregation energies of H are lower than that
to the pure interface (�0.93 eV), while those of He are higher than
that to the pure interface (�2.19 eV).
4. Discussion

4.1. Interface structures and critical radius

For the W-TMC interface structures, previous experimental re-
sults on WeTiC based materials show that it has a coherent inter-
face that follows the Kurdjumov-Sachs (KeS) orientation
relationship [13]. Recently, the observation of the microstructure of
the WeZrC material reveals that it has a coherent structure with a
lattice match of d(110)w ¼ 0.220 nm z d(200)ZrC ¼ 0.231 nm [9], as
presented in Fig. 12(a). This coherent structure is responsible for
increasing the interface cohesion that leads to the excellent me-
chanical properties and better resistance to thermal shock of this
material. Compared with Fig. 12(a) and (b), the experimentally
observed structure, such as the d-spacing of ZrC(200) and W (110),
agrees well with the stable theoretical model of the W (100)e
ZrC(100) coherent interface. So the previous coherent interface
between W and TiC/ZrC follows the Baker-Nutting orientation
relationship. It should be noted that the experimental observation
is from the top view during the ion thinning process, and the ZrC
particle is gradually come out surrounding the W matrix, as shown
in the inset of Fig. 12(a). The well-separated interface of W (100)e
ZrC(100) from the side view in Fig. 12(c) is the most stable because
of the strong covalent bonding betweenW and C atoms. Due to the
stability, this kind of interface will likely be the predominant type
between the W matrix and the small ZrC particles.

Importantly, there is a critical radius rc of a precipitate particle
that can no longer be sheared through by dislocations, which is
defined as [48].

rc ¼a
Gb2

gint
; (15)

where a is on the order of unity. Applying this concept to the W-
TMC alloys, where G ¼ 161 GPa, b ¼ 0.274 nm (Burgers vector for
bcc W) [49] and the different gint, resulting in a critical diameter of
about 40 nm for W (100)eZrC(100) coherent interface, and about
20 nm for W (100)eTiC(100) and W (100)eHfC(100) interfaces.
Therefore, the yield point of W by adding second phase strength-
ening could be effectively increased below 40 nm for WeZrC alloy
and below 20 nm for WeTiC and W-HfC alloys. The larger-sized
precipitate can be considered non-shearable. If such large parti-
cles reside in the W matrix, dislocation loops will accumulate
around these particles, and this is a classical Orowan strengthening
mechanism, which has a minimal effect on increasing the yield
point. However, it dramatically enhances strain hardening through
dislocation accumulation. In other words, if one wants to strongly
improve the yield point of W alloys such as WeZrC, the size of
dispersed ZrC particles should be decreased to about 40 nm.



Fig. 12. Comparison with the experimental image with the relaxed simulation model for the coherent WeZrC interface. (a) High-resolution transmission electron microscopy image
of the coherent structure between W matrix and ZrC phase as viewed along [001]. (b) and (c) are the stable configurations for the coherent W (100)eZrC(100) interface models as
viewed along [001] (from the top) and [100] (from the side), respectively.

Fig. 13. Energy profile experienced by (a) H and (b) He at the coherent W (100)eZrC(100) interface. The red curve denotes the interface with a C vacancy at the interface. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 4
Migration energy barrier of H and He in bulk W and carbides as well as the
interfaces.

Materials
EHmig (eV) EHemig (eV)

W 0.21 0.07
ZrC 0.27 0.71
TiC 0.27 0.35
W (100)eZrC(100) 0.31 0.33
W (100)eTiC(100) 0.04 0.23
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4.2. Comparison with experiments and opportunities to advanced
W materials

To characterize the H and He trapping properties of ZrC pre-
cipitate in W, we considered both the interface and the bulk-like
region of the precipitate. Based on the above results, using similar
methods in Ref. [5], it is possible to construct the energy profiles
experienced by H and He around the interface, as shown in Fig. 13.
The migration energy barriers of H and He in bulk W, bulk ZrC and
W (100)eZrC(100) coherent interface were investigated and sum-
marized in Table 4. The energy barriers of H and He in pureWagree
well with the previous calculation results [50,51]. The barrier of He
in ZrC matches well with others [46,47], while that of H is different
from the other [45] due to the different diffusion paths.

Fig. 13 shows the H and He energy profiles across the coherent
interface (black line) and that in the presence of a C vacancy (red
line). As for H in Fig. 13(a), the segregation energy at the C vacancy
is lower than that at the pure interface, while for He in Fig. 13(b),
the value at the C vacancy is higher than that at the pure interface.
According to Eq. (9), the escape energies of H diffusion from the
interface and the C vacancy to the nearest bulk interstitial site in W
are 1.42 eV and 2.09 eV, respectively. And those of He from the
interface and the C vacancy to bulk W are 4.31 eV and 4.01 eV,
respectively. From Fig. 13, it is noted that the differences in for-
mation energies of H and He in bulk W and ZrC are 0.28 eV and
2.05 eV, respectively. Therefore, the C vacancy presents a deep trap
for H, while both the interface and C vacancy act as strong traps for
He. This theoretical prediction agrees well with the recent experi-
mental results that the C vacancy provides a strong trap for H in the
iron/VC interface [52,53].

Recently, few available experimental data were obtained using
the thermal desorption spectroscopy for carbide doped WeZrC,
WeTiC, and WeTaC materials [12,41e43]. Although the effective
values of desorption activation energy were not given, which cor-
responds to the trap escape energy, the present results could pro-
vide a qualitative explanation for the experimental results. After
the D plasma irradiation, Liu et al. found that the hydrogen reten-
tion in WeZrC is much lower than that in pure W [43]. Moreover,
the blister sizes of WeZrC, WeTiC, and W-HfC are much smaller
than that in pure W, which is similar to the previous results that no
blister on WeTiC and WeTaC materials exposed at about 1050 K
compared to pure W [12]. As mentioned above, the segregation
energy of H to the interface is almost the same with that to grain



X. Wu et al. / Journal of Nuclear Materials 538 (2020) 152223 11
boundary in pure W. The interfaces provide additional sites for H
bubble nucleation besides grain boundaries. The nano-carbide will
disperse large bubbles into even small size, and consequently,
many tiny H bubbles would be formed instead of large bubbles
[54,55]. This may explain why the blister sizes of carbide dispersed
W are much smaller than that in pure W. In addition, the enhanced
irradiation resistance for carbide W may be caused by the grain
boundary strengthening due to the presence of carbide precipitates
[12,17,56,57]. The TMC precipitation and segregation of TMC con-
stituents at grain boundaries lead to the grain boundary strength-
ening [12,17,56].

Moreover, the presence of TMC dispersoids will refine the grain
size and so enhance the yield strength [57]. From Table 4, it can be
found that the migration energy barriers of H and He along the W-
TMC interfaces are less than 0.35 eV. Therefore, the interfaces could
provide fast migration channels for H and He. It is anticipated that
for tungsten materials with a columnar grain structure, H and He
may diffuse out through the channels of grain boundaries or in-
terfaces, as shown in Fig. 14(a). However, this speculation should be
validated usingmesoscopic approaches such as Kinetic Monte Carlo
simulations to capture the H trapping, diffusivity, and concentra-
tion as well as dedicated experiments.

As for the H retention of WeTiC and WeTaC materials after the
exposure at about 800 K and the high flux plasma exposure, the D
concentrations were more than one order of magnitude higher
compared to that in pure polycrystalline W, and a much higher D
retention was found compared to those after the low-flux plasma
exposure [12]. This is understandable because, under the high flux,
the D retention is dominated by the trapping on the irradiation-
induced defects such as vacancies. A higher flux leads to high
irradiation defects as trapping sites for D. At high temperatures, H
and He can diffuse towards the carbide precipitate and are trapped
by the lattice defects such as C vacancies [45,46]. It is very difficult
for H to migrate to the bulkW due to the high detrapping energy of
1.87 eV once they are trapped by C vacancies, as seen in Fig.13(a). So
the D trapping at the interface and the C vacancy becomes domi-
nant at high temperatures.

As discussed above, the problem of H isotope retention in car-
bide doped W materials seems unfavorable for applications as
PFMs in a fusion device. So it is necessary to reduce the H retention
as much as possible. According to the present simulation, one
possible way is to allow H to escape through the channels of in-
terfaces and grain boundaries. So it is suggested that the multi-
scale interface structure may be a good choice to enhance the
overall performance ofW-basedmaterials synergistically, including
micron-scale columnar parent grains, submicron ultrafine equiaxed
subgrains, and nano-scale dispersion strengthened particle/matrix
phase boundary interfaces, as shown in Fig. 14(b). Compared to
nanocrystalline and ultra-fine-grained W, the micro-sized
columnar grains not only reduce the scattering of hydrogen
Fig. 14. Schematics of (a) the diffusion path for the H atom along the interface and
grain boundary and (b) a possible multi-scale interfacial microstructure for future W
materials with advanced properties.
isotope but also they act as channels for H to diffuse along the
columnar grain boundaries, thus decreasing the H retention in
these materials. At the same time, the micron-sized grains could
also improve the thermal conductivity of the material and thereby
enhances its resistance to a high heat load. The submicron sub-
grains and nano-scale dispersion strengthened particle interfaces
not only improve the strength/ductility of the materials but also act
as sinks to capture the irradiation defects and suppress the for-
mation of H/He bubbles and voids, improving the irradiation
tolerance. However, as mentioned by Zibrov et al. [12], before
making a plausible judgment of such materials for fusion applica-
tion, the assessment of overall performance in a service environ-
ment such as the synergy of the presence of neutron irradiation
damage and high-flux plasma exposure at high temperatures
should be made.

5. Conclusion

In this work, the stability of the interfaces between tungsten and
transition metal carbides (TMC ¼ ZrC, TiC, TaC, HfC, MoC, and VC)
and their trapping to light element impurities (H, He, Li, Be, B, C, N,
O, S and P) have been investigated in detail. The calculated results
can be summarized as follows.

(i) The contribution of strain energy to the interface energy
cannot be ignored. After excluding the strain energy, the
coherent W (100)-TMC(100) interfaces are more stable with
lower interface energies than the semi-coherent W (110)-
TMC(100) interfaces. The electronic structure analysis shows
that there is a strong covalent bonding between the inter-
facial W and C atoms. The stable W (100)eZrC(100) coherent
interface matches well with the experimental images of the
interface structures.

(ii) Based on the interface energies, it is estimated that for the
WeZrC alloys, the size of ZrC particles should be decreased to
about 40 nm to improve the yield point of the materials,
while smaller particles within 20 nm for WeTiC and W-HfC
alloys.

(iii) The tensile test calculations of different coherent interfaces
exhibit that the W (100)eTaC(100) and W (100)eMoC(100)
interfaces have a relative higher fracture energy and tensile
strength, indicating a higher interface adhesion.

(iv) Both the interface and the C vacancy in the carbide acts as
strong traps to light element impurities such as H and He. At
the same time, the segregation of light elements to the
interface would decrease the cohesion of the system. The
detrapping energies for H and He out of the interface are
1.14 eV and 2.26 eV, respectively. The migration energy
barrier of H along the WeZrC and WeTiC interfaces are
0.31 eV, and 0.04 eV, respectively. So the interfaces could
provide a rapid diffusion path for H once it is trapped.

The present work not only provides a consistent explanation for
recent experimental results about the H isotope retention in car-
bide doped tungsten, but also opens up additional avenues for
future experimental preparation of advancedWmaterials. A multi-
scale interface structure, including a micron-scale columnar parent
grain, submicron ultrafine equiaxed subgrain, and nano-scale car-
bide/W interface, is suggested to synergistically improve the overall
performance of W-based materials such as the mechanical prop-
erties, thermal conductivity, H retention, and irradiation tolerance.
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