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Interfacial superstructures and chemical bonding
transitions at metal-ceramic interfaces

Can Yang'*, Chongze Hu?*, Congying Xiang', Hongbo Nie3, Xinfu Gu?, Lin Xie®, Jiaging He®,

Wengqing Zhang®, Zhiyang Yu'*¢, Jian Luo®*

Metal-ceramic interfaces are scientifically interesting and technologically important. However, the transition of
chemical bonding character from a metal to a nonoxide ceramic is not well understood. The effects of solute seg-
regation and interfacial structural transitions are even more elusive. In this study, aberration-corrected electron
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microscopy is combined with atomic-resolution energy-dispersive x-ray and electron energy loss spectroscopy to
investigate Ti-, V-, and Cr-segregated WC-Co interfaces as model systems. The experiments reveal the general
anisotropic formation of reconstructed trilayer-like superstructures with segregant-specific compositional pro-
files that facilitate the transition from covalent to metallic electronic structures. Density functional theory calcula-
tions confirm the gradual increasing metallicity from WC to Co in the interfacial trilayers via increasing metallic
solute concentration. This study uncovers unprecedented details of the sophisticated interfacial superstructures
at metal-ceramic interfaces. It sheds light on into how a metal transits to a ceramic at a “general” interface with

strong segregation.

INTRODUCTION

Metal-ceramic interfaces are of great technological importance, e.g.,
in cermets, catalysts, electronic and electrochemical devices, and
engines components (I, 2). Of particular scientific interests are to
understand the transitions of bonding characters at metal-ceramic
interfaces, with dissimilar electronic structures at the two sides, and
how they are coupled with the interfacial structural and composi-
tional variations. Prior studies largely focused on the “clean”
(undoped and coherent) metal-oxide interfaces, where the charge
transfers at the interface give rise to relatively simple transitions
from ionic to metallic bonding (3). For instance, electrons were found
to transfer from Nb to the outmost O layers of the Al,O3 (0001)
plane to form ionic Nb—O bonds (4). Incoherent phase boundaries
are substantially more complex and much less understood. For
example, prior density functional theory (DFT) calculations of the
interface between Ni (111) and Y,O3-stabilized ZrO, (111) suggested
that the incoherency may result in the coexistence of metal cations
and metal-oxygen bonding pairs to produce site-dependent bond-
ing characters (5).

Solute segregation (also known as adsorption) can further in-
duce interfacial structural transitions and alter bonding characters,
thereby influencing the interfacial adhesion (6), electronic (7), and
other properties of the metal-ceramic interfaces. Moreover, segre-
gation can induce the formation and transition of two-dimensional
(2D) interfacial phases, which were named as “complexions” to dif-
ferentiate them from thin layers of 3D bulk phases precipitated at
the interfaces (8-12). Via advanced aberration-corrected electron
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microscopy (13-15) and modeling (16, 17), a spectrum of distinct
driving forces of segregation, e.g., strain relaxation (18, 19), com-
pensation of space charges (20-22), and adaption of coordination
environments (17), have been revealed for the metallic and ceramic
grain boundaries. Yet, the segregation at the metal-ceramic inter-
faces, particularly its interplay with the transition of the chemical
bonding character, is not well understood.

The naturally formed transition metal-segregated WC-Co phase
boundaries are good model systems to investigate the metal-ceramic
interfaces. In WC, W—C bonds are largely covalent with partial ionic
characters, and W—W bonds are metallic; the bonding in the cobalt
side is purely metallic. How the chemical bonding character transits
at the WC-Co interface has not been examined by high-resolution
methods. Moreover, transition metal dopants, such as Ti, V, and Cr,
can segregate at the WC-Co interfaces to induce cubic-like interfacial
reconstructions (23-29), which can presumably influence the interfacial
transition of chemical bonding characters. Thus, direct measurements
of both compositional and electronic structures at the atomic reso-
lution are critically needed but have not been reported previously.

In this study, we combine a variety of aberration-corrected scanning
transmission electron microscopy (AC-STEM) techniques, including
high-angle annular dark-field (HAADF; for metal atoms) and inte-
grated differential phase contrast (iDPC; for resolving lightweight
carbon atoms), along with atomic-resolution energy-dispersive x-ray
spectroscopy (EDS) and electron energy loss spectroscopy (EELS), with
DFT calculations to investigate the Ti-, V-, and Cr-segregated WC-Co
interfaces as the model systems. The atomic configuration, composi-
tional profiles, and electronic structures are all measured at atomic resolu-
tions simultaneously to uncover unprecedented details. This study
aims to answer an open scientific question: How does a metal transit to a
mostly covalent ceramic at a “general” interface with strong segregation?

RESULTS

Interfacial reconstruction

WC grains exhibit prominent faceting with the addition of grain
growth inhibitor, including Ti (Fig. 1A), V, and Cr (fig. S1). The
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Fig. 1. The formation of reconstructed FCC- versus BCC-like interfacial trilayers at the Ti-segregated WC-Co interfaces on the B and P planes of WC. (A) SEM
image of a WC-Co composite, where characteristic B and P planes of WC grains are denoted by red and green lines, respectively. (B) Schematic of the WC grain morphol-
ogy. Pairs of atomic-resolution AC LAADF and iDPC images and line profile analysis (integrated vertically along A-»B direction or horizontally along C=2D direction for
each layer) of WC-Co interfaces on B (C to E) and P (F to H) facets, respectively. The yellow color is used to highlight the (FCC- or BCC-like) reconstructed interfacial trilayers.
The central layer of the reconstructed interfacial trilayers is defined as the LO layer. The layers at the WC side are labeled as LT, L2, etc., while those at the Co side are de-

noted as L1, L2, etc.

interfaces in WC-Co composites contain naturally formed WC-Co
phase boundaries and WC grain boundaries. Both are evidently faceted
(Fig. 1A). The WC grains typically have truncated triangular and
rectangular cross sections near the [0001] and [2T110] directions,
respectively. As a result, the equilibrium grain morphology of WC
grains could be represented by a prism enclosed by two basal (B;
{0001}) planes and three prismatic (P; {1010}) facets (Fig. 1B). Elec-
tron backscatter diffraction (EBSD) analysis reveals wide-spreading
existence of WC(B)-Co and WC(P)-Co interfaces in the Ti-, V-, and
Cr-doped samples, accounting for 65, 61, and 70%, respectively, of
the overall interfaces (fig. S2).

Thin lamellae containing WC-Co interfaces were extracted by fo-
cused ion beam (FIB) for TEM. An advanced TEM characterization
technique, iDPC, was applied to reveal the atomic structures, partic-
ularly the light carbon atoms at the atomic resolution. The iDPC signal
corresponds to the integrated phase shift in the beam direction so
that bright spots can be simply interpreted as atomic columns (30),
rendering it a better alternative of annular dark-field (ADF) to re-
solve lightweight atoms. A pair of concurrently recorded low-angle
annular dark-field (LAADF) and iDPC images is presented in Fig. 1
(C and D), with the trilayer-like reconstructed interfacial regions
highlighted by yellow color. The LAADF image only resolves the
metal skeleton, while the iDPC image indicates that carbon atoms
occupy the interstitial sites. Line profile analysis of the iDPC image
(Fig. 1E) reveals a reconstructed interfacial trilayer with FCC (face-
centered cubic) stacking sequences on the B plane, where the metal
skeletons are octahedrally surrounded by interstitial carbon atoms.
This proposed structure is further confirmed from another projec-
tion along [1010] (fig. S3).
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A similar interfacial reconstruction is identified at the WC(P)-
Co interfaces. As shown in the LAADF image (Fig. 1F), atomic or-
dering also occurs in a trilayer superstructure (the LT to L1 layers).
Partially ordered L2 or even L3 layers on the Co side could be dis-
cerned with low contrast. Carbon atoms are clearly resolved in the
WC lattice, while they are absent in the interstitial sites of the super-
structures (Fig. 1G). Thus, the WC(P)-Co interface exhibits a
reconstructed interfacial trilayer with BCC (body-centered cubic)
stacking sequence (Fig. 1H), which is further confirmed from the
[2T10] projection (fig. S4). Such BCC-like interfacial trilayers con-
sisting of a pure metallic framework have not been reported before
(25, 28, 31).

The extent of partial ordering into the Co side depends on the
orientation relationship between the WC and Co phases. When the
coherency is low, TEM could only resolve ordered trilayer struc-
tures, e.g., in a WC(B)-Co (fig. S5) interface. In other instances, the
lattice fringe could extend several (>5) layers into the Co phase at
semicoherent WC(B)-Co and WC(P)-Co interfaces (fig. S6). We
also note that the atomic configuration of the L2 layer (if visible) is
different from those in the FCC-like interfacial trilayers. For instance,
the characteristic interstitial carbon atoms in the FCC-like inter-
facial trilayers are missing between the L1 and L2 layers (Fig. 1D).
Hence, the ordered trilayers on the WC side are likely intrinsic seg-
regation patterns at the interfaces, while the imposed ordering de-
cays away in the Co sides (in L2, L3, etc.). This complexity, which
might lead to different conclusions (or misinterpretations) with
lower-resolution imaging techniques, can help explain the large dis-
crepancies in the variation of the thicknesses of the WC-Co inter-
facial complexions in literatures (25, 31).
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Compositional profiles

Atomic-resolution EDS mapping was used to investigate the com-
positional profiles across the WC-Co interfaces. For parallel com-
parison, the EDS signals of each layer were integrated from the
corresponding EDS maps, followed with composition quantifica-
tion that provided spatial distribution of the constitutional solutes
across the interfaces. Limited by the low x-ray yield and undesired
contamination of carbon elements, we did not include it in the EDS
quantification to reduce errors. However, it could be unequivocally
concluded from iDPC imaging that the WC(B)-Co complexion
contains a high amount of carbon, while the WC(P)-Co is carbon
deficient (as discussed above).

Several interesting observations can be found in Fig. 2. First, the
atomic structures of the Ti-, V-, and Cr-doped WC-Co interfaces
are similar, as shown by the HAADF images. Similar reconstructed
interfacial trilayers persist in the specimens examined, irrespective
of transition metal dopants. However, the interfacial reconstructions
depend on the orientation of terminating WC grain surface, forming

D
"2 T
X
Z‘i 0
5
2 L5 |V
(/2]
o
[oR
£ 0
(@]
(@)
L 25
0 o 0 345690

T T T T T T T T T
L5 L4 L3 L2 LT LO L1 L2 L3 (at/nm?)

FCC-like trilayers on B (Fig. 2, A and B) facets versus BCC-like
trilayers on P (Fig. 2, E and F) facets of WC grains, respectively.
Second, the segregation profiles depend on both the (B or P) facet
and the (V, Ti, or Cr) dopant. On the B facets of WC, Ti atoms
mainly segregate to the L0 layer, while the segregation of V and Cr
spread from the LT to L1 layers (Fig. 2C). On the P facets of WC, the
Ti segregation level is below the EDS detection limit (Fig. 2G). A
minor amount of V and a high fraction of Cr solutes are accommo-
dated in the BCC-like interfacial trilayer (from the LT to L1 layers;
Fig. 2G). Third, the reconstructed interfacial trilayers consist of mixed
cations of Co, W, and solute atoms (table S1) with compositional
gradients. Mixing of elements and composition gradients are found
in the highly ordered interfacial superstructures, in contrast to the
previous prevailing understandings of the WC-Co interfaces (31-34).

DFT calculations of interfacial reconstruction
On the basis of the chemical compositions measured by EDS, we
constructed DFT simulation cells by considering reconstruction of
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Fig. 2. Atomic-resolution compositional profiles of the Ti-, V-, and Cr-doped WC-Co interfaces measured by quantitative EDS. (A) Enlarged HADDF image of a
Ti-doped WC(B)-Co interface and EDS maps of W, Co, and Ti. (B) Enlarged HADDF image of the V- and Cr-doped WC(B)-Co interfaces and EDS maps of V and Cr. The EDS
maps for all elements for the V- and Cr-doped cases are given in fig. S7. (C) Measured compositional profiles of the three interfaces. atomic %, at %. (D) Overall segregation
amount of the three dopants at the WC(B)-Co interface. (E) Enlarged HADDF image of a Ti-doped WC(P)-Co interface and EDS maps of W, Co, and Ti. (F) Enlarged HADDF
image of the V- and Cr-doped WC(P)-Co interfaces and EDS maps of V and Cr. The EDS maps for all elements for V- and Cr-doped cases are shown in fig. S8. (G) Measured
compositional profiles of the three interfaces. (H) Overall segregation amounts (GB excesses) of the three dopants at the WC(P)-Co interface. The interfacial excesses of

solutes shown in (D) and (H) are integrated from the L5 to L3 layers.
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both the B- and P-faceted interfaces. The DFT-optimized interfacial
structures are in good agreement with experiments (Fig. 3, A and B,
versus fig. S9). For example, DFT-optimized Ti-doped WC(B)-Co
interface exhibits highly ordered density profile from the LT to L1
layers, while the L2 layer (in the Co side) shows some structural
disorder, consistent with the measured intensity profiles by
iDPC (Fig. 1).

To understand the interfacial reconstruction, we calculate the energy
difference: AEpigr = Enon - rccBee) — Erceaec), where Enon - rccBee)
and Epccscc) are the total energies of the interfaces without and
with the reconstruction, respectively. Figure 3C shows that B-faceted
interface without the FCC reconstruction is always stable (with positive
AE) when there is no segregation. By increasing the doping concen-
trating of Ti, V, and Cr, AE becomes negative, stabilizing FCC-like
interfacial trilayers. In other words, FCC-like reconstruction at
the B-faceted interface is induced by segregation. However, for the
P-faceted interface, AEp;s is always small (on the order of a few
millielectron volts/atom) and is independent of doping concentration.
Thus, DFT calculations do not have sufficient accuracies to predict
the stable structure.

Next, we calculate the segregation energy for each dopant ele-
ment. Figure 3D shows the calculated segregation energy AEs., by
moving the dopant from the Co side to the interface (the LT to L1
layers) in the B-faceted interface. First, the AEseg of all solute atoms
in the FCC-like interfacial trilayer is always smaller than that in the
unreconstructed (non-FCC) interface, indicating preferential seg-
regation in the FCC-like interfacial trilayers. Second, the calculated
AEseg of Ti always has the lowest energy at the LO layer, indicating
favorite segregation of Ti. This is in good agreement with the EDS
measurement that Ti has the largest concentration in the L0 layer.
Third, for the elemental segregation at the P-faceted interface, the
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Fig. 3. DFT calculations of the WC-Co interfaces. (A and B) DFT-optimized Ti-
doped WC(B)-Co and WC(P)-Co interfacial structures based on the elemental com-
positional profiles measured by EDS. (C) The energy difference between the
interfacial structures before and after the reconstructions as a function of segrega-
tion concentration at the LT and LO layers. (D) Calculated segregation energy AEseq
by moving solute atoms from Co to different layers in the WC(B)-Co interface.
(E) Calculated segregation energy Afseq by moving solute atoms from Co to differ-
ent layers in the WC(P)-Co interface.
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positive AEseg indicates unfavorable segregation of all elements from
the Co side to the interface (Fig. 3E). By calculating the AEseg from
the WC side, the negative AEs., suggests that the segregation at the
P-faceted interface is likely to occur (fig. S10). Meanwhile, the low-
est AEg,, of the Cr atom indicates that Cr is favorable to segregate at
the P-faceted plane, which is consistent with high propensity of Cr
segregation measured from EDS experiments. Last, by comparing
the AEse; between the B-faceted and P-faceted interfaces, both Ti
and V have much smaller AEseg in the WC(B)-Co interfaces, which
explains the preferential segregation of Ti and V on WC B planes.
On the other hand, for Cr, both B and P facets have comparable
AEs, thereby indicating similar segregation tendency.

Electronic structure transitions revealed by EELS
Atomic-resolution EELS spectra were acquired on each atomic layer
to elucidate the transition in the electronic structure at the WC-Co
interfaces. Here, Co, V, Cr, and Ti all belong to 3d transitional ele-
ments that could generate evident L, ;3 white lines. They consist of
two independent L, and Lz peaks that resulted from transitions from
the occupied 2p (2p1/2 and 2p3;) states to the unoccupied 3d states.
For Cr and Co solute atoms with more than four 3d electrons, a
higher occupancy of 3d-orbital would reduce the L3 transition
probability (35, 36), causing a decrease in the white line ratio (Ls/L,).
Thus, a quantitative analysis of Ls/L, ratios could qualitatively de-
pict the charge transfer and bond environment transition across the
interface.

We acquired Co EELS spectra from the WC(B)-Co and the
WC(P)-Co interfaces, as well as the Co phase, of a Cr-doped sample.
For an easy comparison, all the spectra were normalized by setting the
pre-edge background to 0 and the Lj peak to 255, respectively
(Fig. 4A). The Co signals at the LT and LO layers are slightly noisy
because of low solute concentrations. Nonetheless, a decrease in the
intensities of the Co L, peaks from WC to Co could be recognized
on both the B and P facets (Fig. 4A). The L3/L, ratios increase
monotonically from the LT to L1 layer within both WC(B)-Co and
WC(P)-Co complexions (Fig. 4B), thereby suggesting a transition
of bonding environments from more covalent (higher occupancy of
the 3d band) in the LT layers to more metallic in the L1 layer. Simi-
lar trends in the electronic structure transitions were confirmed for
Ti- (fig. S11) and V-doped (fig. S12) WC(B)-Co and WC(P)-Co in-
terfaces as measured from Co L3 peaks. Thus, transitions in the
bonding environments in the reconstructed interfacial trilayers are
universal.

The bonding environments of Cr, V, and Ti solutes were also
carefully examined. In the Cr-doped sample, the L3 peak of Cr is
lower than the L, peak in the LT layer, while the trend is reversed in
the L1 layer (Fig. 4C). The profiles of Ls/L, ratios were identified
across both Cr-doped WC(B)-Co and WC(P)-Co interfaces (Fig. 4D),
which reveal changes in the electronic structures. However, the sit-
uations are different in the Ti- and V-doped samples. The EELS
signal and L3/L, ratio of V (fig. S13) and Ti (fig. S14) do not change
within the WC(B)-Co superstructures, which is indicative of un-
changed bonding environments near those solute atoms.

DFT calculations of the electronic structure transitions

We calculated the electron localization function (ELF) to further
understand the transition of the electronic structure at the WC-Co
interfaces. Using the optimized structures with Ti doping, the Co
ELF maps (Fig. 5A) show that electrons are strongly localized between
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Fig. 4. Electronic structure transitions at the WC-Co interfaces by atomic-
resolution EELS. (A) Normalized Co L, 3 EELS spectra recorded across the WC(B)-Co
and WC(P)-Co interfaces of Cr-doped samples. a.u., arbitrary unit. (B) Ls/L; ratios of
the EELS spectra in (A). (C) Normalized Cr L,3 EELS spectra recorded across the
WC(B)-Co and WC(P)-Co interfaces of Cr-doped samples. (D) The corresponding
Ls/L, ratio reveals electronic structure transitions of Cr solutes. In (B) and (D), red
color refers to bonding environment with more covalent component, and green
color represents more metallic characters.

Co and C atoms at the LT and L0 layers of the B-faceted interface,
indicating strong covalent interactions. At the L1 layer, the ELF
maps show that electrons are distributed between these atoms in a
homogeneous manner for the Co atoms, suggesting a metallic char-
acter (Fig. 5A). Thus, there are through-thickness gradients in the
bonding environment in the WC(B)-Co trilayers over the three
atomic layers, with a transition from strong covalency in the LT layer
to metallicity in the L1 layer, in good agreement with the EELS
measurements.

For the WC(P)-Co interface (Fig. 5B), ELF maps show that the
electrons are concentrated at Co—C bonds in the LT layer with co-
valent character. Because the BCC-like interfacial trilayer consists
of a metal lattice without interstitial carbon atoms, most Co atoms
at the L0 layer form bonds with W atoms (Fig. 5B), which results in
weakly localized electrons at Co—W bonds and reduced covalency.
The electrons are homogeneously shared for the metal atoms at the
L1 layer with clear metallic bonding character (Fig. 5B). In summa-
ry, DFT calculations revealed that the electronic structure transition
also mainly occurs in the ordered interfacial trilayers on the B or P
plane, consistent with the EELS analysis.

To reveal the intrinsic bonding states across the interfaces, we
calculated partial density of states (PDOS) for each element. Since
the major density of states (DOS) of transition metals is dominated
by d bands near Fermi level (Eg) (37, 38), we only plot their d-orbitals.
Figure 5 (C and D) shows the PDOS profiles of each element from
the LT to L1 layers in Ti-doped B- and P-faceted interfaces. By ex-
amining the PDOS magnitude of Co at Eg, we found that the DOS
of Co d-orbital increases from the LI to L1 layers for both interfaces.

Yang etal., Sci. Adv. 2021; 7 : eabf6667 12 March 2021

Since the metal bonding character is proportional to the DOS value
at Er (38), the increase in the Co d-orbital states from the LT to L1
layers indicates the enhancement of metallic bonding. Besides, the
DOS of Co atoms always have large overlaps with surrounding C
atoms at the WC side but smaller overlaps at the Co side. For exam-
ple, in the B-faceted interface (Fig. 5C), the PDOS of Co at the LT
and L0 layers, respectively, exhibit two strong peaks at —3.5 and -5 eV
(red arrows), which overlaps with large C p-orbital states from
-7.5 to —2.5 eV. However, for Co atoms at the L1 layer, the peak of
d-orbital states near —5 eV is missing (gray arrow in Fig. 5C), which
suggests the weakening of the covalent interaction between Co and
C atoms. For P-faceted interfaces (Fig. 5D), Co atoms in the LT layer
exhibit some d-orbital states from -7.5 to -5 eV (indicated by the
red arrow), which can be attributed to the covalent interaction with
p-orbitals of the nearby C atoms. However, these Co d-orbital states
almost disappear at the L0 and L1 layers (indicated by the gray arrows
in Fig. 5D), thereby suggesting the inhibition of covalent interaction.
Similar electronic structure transitions could be observed in the
PDOS analysis of the Cr-doped WC-Co interfaces (Fig. 5, E and F),
in terms of Co bonding states. Therefore, the PDOS analysis demon-
strates that the reconstructed interfacial trilayers create graded
bonding environments from covalency in the WC side to metallicity
in the Co side, in good agreements with our EELS experiments. Such
transitions are universal for the Ti-, V-, and Cr-doped interfaces.

DISCUSSION

In brief, we have discovered the gradual transitions in bonding
characters across the Ti-, V-, and Cr-doped WC-Co interfaces with
anisotropic segregation-induced interfacial reconstructions with
general reconstruction characters but segregant-specific sophisti-
cated compositional profiles. While prior studies discovered inter-
facial reconstructions via atomic-resolution imaging (24-28), this
study first measured the electronic structures and compositional
profiles at atomic resolution simultaneously to reveal transition of
the bonding characters, which are further validated by DFT calcula-
tions. Specifically, this study has revealed that the reconstructed in-
terfacial trilayers on both B and P facets contain mixed bonding
environments; in both cases, the bonding is more covalent in the LT
layers on the WC side, but it becomes more metallic in the L1 layer
on the Co side. This is universal for Ti-, V-, and Cr-doped WC-Co
interfaces for both facets, albeit the detailed atomic-level composi-
tional profiles are substantially different for each of the six cases (Fig. 2).

Because of the presence of covalent components at the interface,
the lattice coherence between the reconstructed interfacial trilayers
and the WC lattice can be understood. On the one hand, our study
using iDPC imaging has directly revealed that the interfacial trilayer
on the B facet contains a high amount of interstitial carbon atoms,
which indicates strong covalent and rigid bonding. This helps stabi-
lize a highly ordered interfacial superstructure. On the other hand,
the covalency is reduced and replaced by stronger metallic bonds on
the P-faceted interfaces, which causes atomic structural disorder,
especially in the Co side (see the arrows in Figs. 1G and 5B). It is
because the metallic bonds are neither directional nor rigid, allow-
ing distorted atomic configurations.

We found that the reconstructed interfacial trilayers universally
exist in the Ti-, V-, and Cr-doped WC-Co interfaces on two WC
facets with different interfacial misorientations. Recently, Li et al.
(39) discovered that Si segregates at the TiB, side of the TiB,-Al
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Fig. 5. Electronic structures at the WC-Co interfaces by DFT calculations. (A and B) ELF of the DFT-optimized structures of Ti-doped WC(B)-Co and WC(P)-Co interfaces
based on experimental compositions. We use C1 and C2 planes to display the 3D bonding environments at different layers of the interfacial superstructure. Color bars on
the right indicate the electronic densities. (C and D) PDOS evolution from the LT to L1 layer for the Ti-doped WC(B)-Co and WC(P)-Co interfaces. (E and F) PDOS evolution

from the LT to L1 layer for the Cr-doped WC(B)-Co and WC(P)-Co interfaces.

interfaces with lattice coherency but compositional gradients. This
suggests that at least some features discovered here may also exist in
other metal-ceramic interfaces.

Furthermore, the current study provides a deeper insight into
the segregation of Ti, V, and Cr at the WC-Co interfaces. We exam-
ined the coordination environments of a variety of Ti-, V-, and Cr-
based carbides according to the Materials Project database (40). The
coordination numbers of most stable carbides are ~6, 5, and 3 for
TiC, V¢Cs, and Cr7Cs, respectively. Here, Ti prefers to have coordi-
nation of six, and the cubic TiC is the most stable phase. As a result,
Ti atoms segregate at the strong covalent bonded LT or L0 layers of
WC(B)-Co interfaces to form TiC-like (FCC-like) interfacial trilayers.
In contrast, the interfacial trilayers in the WC(P)-Co interfaces are
nearly free from Ti segregation, since the carbon-depleted structure
cannot offer the six-carbon-coordination environment. Moreover,
the LO layer provides a similar octahedral coordination compared
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with that of TiC, while the LT layer offers a distorted octahedral
coordination. It helps to explain the preferential segregation of Tiin
the LO layer (versus the LT layer) from the consideration of coordi-
nation environments (17).

The most stable phase of chromium carbide is nonstoichiomet-
ric Cr;Cs, which indicates that Cr could form not only covalent
bonds with carbon but also metallic bonds with the neighboring Cr
atoms. Hence, Cr segregates at both the B and P facets with high
amounts over several atomic distances (Fig. 2, D and H) because of
its excellent adaptability to both metallic and covalent environments.
The bonding characters of V¢Cs are between those for Cr;C; and
TiC. Consequently, the segregation behaviors of V to WC-Co inter-
faces are also in between (Fig. 2, D and H).

Note that a variety of other solute atoms, including Ta and Nb,
were reported to segregate the reconstructed interfacial layers (26).
When two codopants (e.g., V and Cr) were used together in the
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WC-Co composites to maximize grain growth inhibition ability, V
and Cr can cosegregate at the WC-Co interfaces (41). The current
findings should be extendable to other transition metal-doped
WC-Co systems.

Notably, the detailed interfacial structures revealed here can fur-
ther help to understand the underlying grain growth inhibition
mechanisms via more realistic DFT modeling. Without the measured
atomic-level compositional profiles, prior studies usually treated
the interface as thin cubic films with evenly mixed W, C, and dopant
atoms [typically denoted as (MW)C,, where M is a dopant]. Only
one atomic probe tomography study suggested a high Co content
up to 1.2 monolayer in the interfacial layer (42), which is consistent
with our observation. Thus, the detailed compositional and struc-
tural profiles measured in this study with unprecedented details can
help establish more accurate atomic models to better understand the
grain growth inhibition mechanisms.

Last, detailed atomic-level observations based on a combination
of advanced microscopy imaging modes made in this study may help
explain the large discrepancies in the thicknesses of WC-Co inter-
facial complexions reported in literatures (26-29, 43, 44). Previous
research on WC-Co interfaces reported similar cubic-like complex-
ions, but the reported thicknesses were often inconsistent. The
thicknesses of the complexions in literatures on WC B planes were
in the range of one to five atomic layers (26-29, 43, 44). Recently, an
AC-STEM study revealed a bilayer-like complexion (consisting of a
Ti-rich inner layer and a W-rich outer layer) on the WC B planes
(25). However, another high-resolution electron microscopy (HREM)
work claimed the existence of four Ti-containing atomic layers on a
same B plane (31), which were observed in a nanocrystalline sample
with high interfacial coherency between WC and Co phases. Here,
we suggested that the different measured thicknesses of the interfa-
cial layers might be a result of different levels of extended partial
orders from the WC side, similar to those shown in fig. S6B, which
can cause artifacts in different imaging models (particularly HREM
imaging with delocalization), in addition to the ambiguity in defining
the start and end points of the interfacial layers. Here, a combina-
tion of advanced imaging modes in AC-STEM, along with atomic-
level compositional analysis, can resolve such sublet differences and
help establish exact atomic-resolution profiles of the structure,
composition, and bonding characters simultaneously to eliminate
any ambiguity.

In summary, atomic-resolution HAADF and iDPC imaging, EDS
mapping, and EELS analysis are combined to examine the atomic
configurations, compositional profiles, and bonding characters
across the Ti-, V-, and Cr-doped WC-Co interfaces. This study
demonstrates that the anisotropic formation of interfacial trilayers
with general reconstruction characters, coupled with segregant- and
facet-dependent sophisticated compositional profiles, is prevailing
in the transition metal-doped WC-Co interfaces to enable transi-
tions in bonding characters from covalent to metallic over three
atomic layers. DFT calculations advance the understanding of how
the mixed bonds in ceramics are transited to metallic bonds across the
WC-Co interface. The directional covalent bonding promotes
the formation of the reconstructed interfacial trilayers coherent with
the underneath WC grains, while the increasing fraction of segre-
gated metal solutes toward the metallic bulk Co phase creates a
rather gradual transition in electronic structures. Some unique fea-
tures of the Ti-, V-, and Cr-doped WC-Co interfaces revealed in
this study may also exist in other metal-ceramic interfaces. This
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study exemplifies a case of sophisticated interfaces between metals
and (mostly) covalent ceramics with unprecedented details of the
interfacial structure, composition, and bonding character revealed
simultaneously, all at atomic levels.

MATERIALS AND METHODS

Sample preparation

The WC-Co samples were prepared by Xiamen Tungsten Industry
Co. Ltd. using the typical sintering and processing procedures ad-
opted for the industrial production. Tungsten carbide (WC) hard
metals with ~10.0 weight % of Co were prepared by a standard powder
metallurgical process with liquid-phase sintering. The commercial
WG, transition metal carbides, and Co powders with Fisher particle
sizes of 4.0, 1.5, and 0.8 pm, respectively, were produced by Xiamen
Tungsten Industry Co. Ltd. Next, these powders were mixed and
milled as starting materials via a vacuum drying process to produce
granulated powders. The doping concentration for each transition-
metal element (Ti, V, or Cr) is set to 0.38 atomic % on the metal
basis for all specimens to examine the segregation behaviors at the
WC-Co interfaces. Subsequently, they were pressed in a mold with
pressure of 150 MPa, followed by a dewaxing process. Last, all spec-
imens were sintered in vacuum following the same produce de-
scribed below. The temperature was first elevated to 1450°C with a
heating rate of 3°C/min above 1200°C. Then, all specimens were
sintered isothermally at 1450°C for 1 hour. Fully dense samples
were cooled down to room temperature with a cooling rate of 5°
to 20°C/min.

TEM and STEM characterization
We used FIB to prepare thin TEM lamellae for the aberration-
corrected TEM observation. The lamellae thickness was controlled
in a range of 50 to 60 nm to ensure comparable STEM imaging
and spectrum analysis. All the HAADF, LAADF, iDPC images,
atomic-resolution EDS mapping, and EELS spectra were recorded
on a Thermo Fisher Scientific TEM (Themis Z, 300 kV). The collec-
tion angle of iDPC, LAADF, and HAADF imaging was 12 to 45, 48
to 200, and 61 to 200 mrad, respectively.

Specifically, EELS spectra were recorded under the STEM mode.
A scanning box was placed on specific layer, e.g., a L0 layer, with
which the scanning electron beam was confined. An EELS collec-
tion angle of 100 mrad was used. The core-loss spectrum was inte-
grated in the box, followed with deconvolution using the low-loss
spectrum recorded from the same box to remove the plural scatter-
ing effect. The deconvoluted core-loss spectrum thus represented
the bonding status of this specific layer. For the representation or
comparison of EELS spectra from different layers, the spectra were
normalized by setting the pre-edge background to 0 and the L3 peak
to 255, using a self-made code. The white line ratios (L3/L2) were
derived following Jason’s algorithm (35) and implemented by a self-
made code.

EBSD analysis

EBSD was used to determine the interfacial orientation relations.
The samples were prepared by mechanical grinding and subsequent
mechanical polishing. The EBSD measurement was carried out
using a Zeiss SEM (Gemini 500) equipped with an Oxford Aztec
EBSD system working at 20 kV. The working distance and the scan-
ning step size were 10 mm and 0.25 um, respectively. The lines in
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these maps indicate phase boundaries or high-angle grain boundaries
(GBs) with a misorientation larger than 15°.

First principles calculations

The Vienna Ab initio Simulations Package (VASP) code was used
to perform first principles DFT calculations (45, 46). The Kohn-Sham
equations were solved by using the projected-augmented wave
method (47, 48). The nonlocal optB86b-vdW functional was select-
ed for structural optimization of WC interfacial structures based on
prior work (17). Because of the large crystal structure, the Brillouin
zone integrations were sampled on a I'-centered 1 x 1 x 1 grid. The
kinetic energy cutoff for plane waves was set to 400 eV, the conver-
gence criterion for electronic self-consistency was set to 5 x 10™* €V,
and the “medium” precision setting was used. The lattice parame-
ters of WC interface structure were kept unchanged, and only
atomic positions were subjected to fully relax until the force compo-
nents on atoms were smaller than 0.02 eV/A. The vacuum region is
set to ~12 A to isolate the interactions between WC and Co slabs.
The generalized gradient approximation + U method with U = 3.0
and J = 1.0 eV were considered for Ti d-electrons (17), U = 3.25 and
J = 1.0 eV were considered for V d-electrons (40), and U = 3.7 and
J = 1.0 eV were considered for Cr d-electrons (40). The fully opti-
mized structures were used to perform static calculations for elec-
tronic structure under aI'-centered 2 x 2 x 1 grid. The spin-polarized
effect was not considered because of its weak effect.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/11/eabf6667/DC1
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