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Titanium carbide (TiC) twins are believed to be extremely unstable because of their high twin
boundary energy. Here, we report that TiC twins are always presented in platelets with
dimensions of 2–3 lm in length and less than 300 nm in width. In-depth microstructural
characterizations by high-resolution transmission electron microscopy demonstrate that Al atoms at
the twin boundary play a decisive role in stabilizing TiC twins. With different amounts of Al,
perfect and defective TiC twins are formed. For perfect twins, three types of twin boundaries can be
formed depending on the amount of remaining Al at the twin boundary. With inadequate Al, the
TiC twins become defective with certain degrees of deviation from the perfect twin orientation.
Based on a detailed analysis of the microstructure of the twin boundaries, a mechanism for the
formation and stabilization of TiC twins is proposed.

I. INTRODUCTION

Titanium carbide (TiC) is of technological importance
and has vast industrial applications because of its low
density, high hardness, and high strength. To improve
the mechanical performance of TiC and TiC-containing
composites, the grain size and morphology of TiC have
been tailored to modulate the mechanical properties.1–5

As a new way to improve the mechanical properties of
metals and ceramics,6–8 nanotwins have been intro-
duced into TiC (as well as other carbides) containing
composites.9–13

The stacking-fault energy (SFE) of TiC is in the range
between 130 and 300 mJ/m2.14,15 Therefore, TiC twins
are extremely unstable from an energetic point of view,
and there have been few reports of deformation or growth
twins in bulk TiC samples. Nonetheless, research on the
stacking faults (SFs) and microtwins of TiC has been
reported in the literature. Venables et al.16 found that
the SFs of TiC are associated with impurity atoms.
Kooi et al.14 proposed that Si can induce SFs in TiC

grains. Yu et al.11 further confirmed that Al atoms can reduce
the SFE of TiC. Through the de-intercalation of Al atoms
in Ti3AlC2, Zhang et al.17 synthesized TiCx–Cu compo-
sites with TiC nanotwins. However, to the best of our
knowledge, the successful synthesis of TiC twins with
large size has not been reported. This is partially due to the
lack of knowledge of the microstructure and stabilization
mechanism of TiC twins.
It is noted that the reports on the TiC twins are mainly

limited to the layered ternary ceramics following a general
formula TinAmCn�m (A is Al and/or Si and n $ 2m), and
corresponding composites due to the unique crystal
structure of TinAmCn�m. For example, the crystal struc-
ture of Ti3AlC2 can be considered as the alternative
stacking of Ti3C2 and Al atomic layers, as shown in
Fig. 1(a). With minute distortions of the Ti6C octahedra,
the Ti3C2 layers are extremely similar to the counterparts
in TiC twins,18,19 as shown in Fig. 1(b). The adjacent
Ti3C2 layers are in twin orientation. Therefore, different
from the deformation and growth twins, microtwinned
Ti3C2 can be formed directly by the de-intercalation of the
Al layer. However, the microtwinned Ti3C2 is unstable due
to the high twin boundary energy (TBE). The microtwinned
Ti3C2 will completely de-twin and become normal TiCx, if
certain stabilizing mechanism is not available.
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Theoretically, it has been proposed that the Al atoms
can stabilize the TiC twins. Yu et al. constructed a coherent
twin boundary (CTB) model and calculated the TBE.11

They proposed that Al (and/or Si) can lower the TBE with
the formation of p bonding between carbon neighbors of
Si/Al atoms. However, Zhang et al.17 pointed out that the
TiC twin boundary is not coherent and no Al elements were
detected in the twins. Moreover, they constructed a TiC
twin model with two layers of Ti atoms in direct contact,
where the incoherent twin boundary (ITB) was not ideally
mirror-symmetric. Thus, two basic but important questions
remain unanswered unambiguously: (1) What exactly is the
stabilization mechanism of the TiC twins? (2) Is the twin
boundary a CTB or ITB?

In the present work, TiC twinning platelets were syn-
thesized by the reaction of Ti3AlC2 and Ni. In addition,
the microstructures were studied in detail by high resolution
transmission electron microscopy (HRTEM) to elucidate
the formation and stabilization mechanism of TiC twinning
platelets with large size.

II. EXPERIMENTAL DETAILS

TiC twinning platelets were synthesized by the in situ
reaction between Ti3AlC2 (�300 mesh) and Ni (�300
mesh; Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) powders. The Ti3AlC2 powders were synthesized
using the previously reported solid–liquid reactionmethod.20

The TiC twin-containing composite was prepared by the
following procedure. First, the Ti3AlC2 and Ni powders
with a molar ratio of 1:2 were mixed with absolute ethanol
and agate balls in an agate jar for 12 h, followed by drying
at 60 °C for 10 h. The homogenized powders were then
uniaxially pressed into a green compact in a graphite mold

with an inner diameter of 50 mm. Subsequently, the green
compact, together with the mold, was put into a hot
pressing furnace and heated to 1350 °C at a heating rate
of 10 °C/min under Ar flow and held for 1 h at a pressure of
30 MPa. Finally, the sample was allowed to cool naturally
to room temperature in the furnace.

For transmission electron microscopy investigation, a
4 mm � 4 mm slice was cut from the bulk sample and
ground to a thickness of approximately 30 lm. The slice
was then dimpled with a Gatan 656 Dimple Grinder
and made electron transparent by Ar-ion-milling
using a Gatan 691 Precision Ion Polishing System.
X-ray diffraction (XRD) patterns were collected using
an x-ray diffractometer (Rigaku D/max-2400, Tokyo,
Japan) with Cu Ka radiation. Microstructural character-
ization was performed using a transmission electron
microscope (FEI Tecnai G2 F20, Hillsboro, OR) work-
ing at 200 kV with an energy dispersive spectroscopy
detector and a high-angle annular dark-field detector in
the scanning transmission electron microscopy (STEM)
system.

III. RESULTS

A. TiC twinning platelets

Figure 2(a) is a typical transmission electron micros-
copy (TEM) bright field image of the formed platelets
(labeled with pink asterisks). The electron diffraction
pattern (EDP) is shown in Fig. 2(b), where the diffraction
spots belonging to different grains are linked by lines of
different colors, indicating that the platelets are TiC twins.
The TiC platelets have dimensions of 2–3 lm in length
and less than 300 nm in width, with an aspect ratio (length-
to-width) of about 10. SFs were observed in the TiC

FIG. 1. (a) Projection of Ti3AlC2 along the [1120] axis. (b) Projection of the corresponding part of the Ti3C2 layer in TiC twins along the [110] axis.
The dark lines demonstrate the unit cell of TiC. The Ti, Al, and C atoms are presented in violet, red, and black, respectively.
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twinning platelets. As shown in Fig. 2(c), the SF involves
one or two {111} planes. The SF is extremely sensitive to
the electron beam. For example, it disappeared immedi-
ately when the square region was exposed to the electron
beam during the experiment. Interestingly, some regions
of the twinning platelets are not perfectly twinned. For
comparison, the HRTEM images of perfect and defective
twins are presented in Figs. 2(d)–2(f), where the insets are
the corresponding fast Fourier transform patterns.
In contrast to the perfect twins shown in Fig. 2(d), there
is a certain degree of deviation from the perfect twin
orientation in the defective twins, for example, 7° in
Fig. 2(e) and 30° in Fig. 2(f).

B. Twin boundary of TiC

To further understand the TiC twins, the microstructure
of the twin boundary was studied by means of HRTEM.
In contrast to the results of Zhang et al.17 and Yu et al.,10

three types of twin boundaries were observed in the
present work. The HRTEM images of the twin boundaries
are shown in Fig. 3. The twin boundary in Fig. 3(a) is CTB
type. The measured angles between (111) and (111) are
71° and 70°, consistent with the calculated angle of 70.5°.
The two parts on either side of the twin boundary are ideally
mirror-symmetric with respect to the twin boundary, with
a Ti atomic layer as the mirror plane, which is consistent
with the first-principles calculations.11 Unlike CTB, the two
parts on either side of the twin boundary in Fig. 3(b) are not

ideally mirror-symmetric with respect to the twin boundary,
although themeasured angles between (111) and (111) (73°
and 70°) are also consistent with the calculated value
(70.5°). Translation along the (111) plane occurs, forming
ITB with one Ti atomic plane as the twin boundary. It is
worth noting that the atoms at the twin boundary belong to
neither of the two twinned parts. Another type of ITB is
shown in Fig. 3(c). Similar to the ITB in Fig. 3(b) but
dissimilar to the CTB, translation along the (111) plane
occurs, which is ascribed to the electrostatic repulsion
between the adjacent Ti atoms, as described by Zhang
and co-workers.17 The ITB consists of two Ti atomic layers.
To distinguish the two types of ITBs, the ITB in Figs. 3(b)
and 3(c) is represented as ITB1 and ITB2, respectively.
Interestingly, the coexistence of CTB and ITB was
observed, as shown in Fig. 3(d).

C. Transient TiCx

It is worth noting that complex EDP, as shown in
Fig. 4(a), can be observed occasionally in the TiC twin-
ning platelets. The circled weak diffraction spots perform
a 3-fold modulation on the basic diffraction spots generated
by TiC twins. The extra diffraction spots are generated by
transient TiCx. The HRTEM image is presented in Fig. 4(b);
the inset is a rotated and filtered HRTEM image of the
transient TiCx. The 3-fold modulation on the (111) plane of
TiC can be clearly seen. Themodulations on the (111) plane
of TiC are similar to those reported by Zhou et al.19

FIG. 2. (a) Typical TEM bright field image of TiC twinning platelets, adapted from Ref. 13. (b) Representative EDP of TiC twins. The diffraction
spots belonging to different grains are linked by lines in different colors. (c) HRTEM image of a stacking fault inside the twin. The squares mark the
irradiated regions by electron beam. (d–f) HRTEM image of perfect TiC twins (d), defective twins with 7° (e), and 30° (f) deviations from the perfect
twin orientation.
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and Zhang et al.17 The lattice parameter c calculated
according to the weak diffraction spots and the
HRTEM image in the inset of Fig. 4(b) is 7.43 Å, if
the weak diffraction spot nearest to the transmission
spot is indexed as (0001). This value is close to half
that of h-TiCx (14.60 Å)17 and larger than half that of
Ti2AlC (13.60 Å). Thus, the complex EDP cannot be
produced by the well-aligned TiC and Ti2AlC.

21 If the
weak diffraction spots were generated by h-TiCx

(P3m1), all the (000l) diffraction spots should be visible.
However, this is not consistent with the periodicity cal-

culated from the EDP, where c is 7.43 Å, only half that of
h-TiCx. Therefore, it is believed that a new structure shown
in Fig. 4(c), Ti3C2, which is only half of the unit cell of
h-TiCx, generated the weak diffraction spots. Using the
crystal structure of Ti3C2, HRTEMwas simulated with the
“HRTEM” module of the Cerius2 computational program
for material research (Molecular Simulation Inc., San Diego,
CA, USA). The montage of the best-matched experimental
and simulated images is presented in Fig. 4(d). It is clear
that the simulated and experimental HRTEM images are
remarkably similar.

FIG. 3. HRTEM image of twins with (a) CTB, (b) ITB1, (c) ITB2, and (d) both CTB and ITB2.
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D. Chemical composition of the TiC twins

The TBE of TiC is quite high, thus TiC twins are com-
monly recognized to be extremely unstable.14 Yu et al.
proposed that Al atoms can reduce the TBE of TiC and
detected Al in TiC grains with high-density SFs by means
of energy dispersive x-ray microanalysis (EDX).11 On
the other hand, Zhang et al. proposed that no impurities
(Al) remained at the twin boundaries.17 To elucidate the
stabilization mechanism of TiC twinning platelets in the
present study, the chemical composition of TiC twins
was studied in detail using EDX in TEM and STEM
mode and the results are presented in Fig. 5. To enhance
the intensity of the signals generated by the impurities,
TiC twinning platelets with much smaller width were
chosen for analysis, as shown in the inset of Fig. 5(a).
The EDX spectrum is demonstrated in Fig. 5(a). It is clear
that there are some amounts of Al (approximately 1%)

in the TiC twinning platelets. (In contrast, there is no
detectable Al in the TiC matrix.) To determine the
distribution of Al in the platelets, STEM-EDX mapping
was conducted in the drift-corrected spectrum image
scanning mode. The results are displayed in Fig. 5(b),
which is a montage of the morphology and EDX map of
Al–K. It can be seen that Al is segregated at the twin
boundaries. It is worth noting that the distribution of Al in
the twin boundaries is not homogeneous (i.e., some twin
boundaries contain more Al than others).

IV. DISCUSSION

A. Structure of the twin boundary

The structure of twin boundaries for the face-centered
cubic crystals has been studied by many researchers.22–25

In general, R3{111} is a CTB and R3{112} is an ITB.

FIG. 4. (a) Complex EDP of TiC twins. (b) HRTEM image of the interface. Inset is a rotated and filtered HRTEM image of Ti3C2.
(c) Unit cell of Ti3C2. The Ti and C atoms are presented in violet and black, respectively. (d) Montage of the experimental and simulated
HRTEM images of Ti3C2.
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Yu et al. noted that the R3{111} twin boundaries in TiC
microtwins are coherent.10 However, Zhang et al.
subsequently reported that the R3{111} twin boundaries
of TiC twins are incoherent.17 As shown in Figs. 3(a)–3(c),
both the CTB and ITB were observed in the present study.
The ITB1 in Fig. 3(b) is closely related to the CTB in
Fig. 3(a). The CTB will become the ITB1, if the two
parts on either side of the twin boundary translate slightly
along the (111) plane. Similarly, ITB1 will become ITB2
[Fig. 3(c)], if the atoms at the twin boundary aremerged into
one of the twinned parts after translation. The translation-
induced transformation from CTB to ITB is supported by
the coexistence of CTB and ITB, as shown in Fig. 3(d).
Apart from translation along the (111) plane, rotation along
the [110] axis was also observed, as presented in Figs. 2(e)
and 2(f). Both the translation and rotation originate from the
instability of the twin boundary. In the absence of adequate
stabilizing element (i.e., Al), the CTB cannot persist. As a
result, translation along the (111) plane occurs, forming the
ITB to avoid the configuration of directly and head-to-head
contacted Ti atoms in the twin boundary (see the latter
section). With less stabilizing element, de-twinning will
be initiated, resulting in the rotation along the [110] axis
[Figs. 2(e) and 2(f)]. As demonstrated in Fig. 5(b), the dis-
tribution of Al among the twin boundaries is inhomoge-
neous. Thus, the twin boundaries exist in various types,
being perfect or defective and coherent or incoherent.

B. Formation and stabilization mechanism of TiC
twinning platelets

The SFE and TBE are closely related. In general, the
TBE is proportional to the SFE. The SFE of TiC is
130–300 mJ/m2, depending on the C/Ti ratio. No SFs have
been observed in the stoichiometric TiC, even when it has
been subjected to severe deformation.14 Thus, TiC twins
are extremely unstable from an energetic point of view,
and consequently, there have been very few reports of TiC

twins with large size. Kooi et al.14 observed TiCmicrotwins
that involved three to five {111} layers at the regions where
SFs existed. They ascribed the formation of SFs to the
presence of Si. Yu et al.11 studied the effect of Al on twin
stabilization experimentally and theoretically. They found
that the TBE of pure TiC is extremely high (927mJ/m2) and
that of Al-doped TiC is �0.073 mJ/m2, and therefore
concluded that twins and SFs can form spontaneously
in Al-doped TiC. However, no twins but only high
density SFs were observed experimentally by Yu et al.
Zhang et al.17 observed TiC twins in a TiCx–Cu composite,
but the twins were only a few dozens of nanometers in size.
Thus, it is surprising that TiC twinning platelets with large
size (2–3 lm in length) can be formed and remain after
keeping 1 h at 1350 °C.

To account for the formation and stabilization of TiC
twinning platelets, considering the presence of SFs, defec-
tive twins and ITBs in the TiC platelets, as well as the
inhomogeneous segregation of Al at the twin boundaries
(no detectable Al was observed at the normal TiC grain
boundaries), a possible mechanism is illustrated in Fig. 6.
Briefly, the formation of TiC twins can be divided into
four steps. First, Al atoms de-intercalate out of Ti3AlC2

grains and react with Ni to form Ni3Al (the XRD pattern
is not shown here for brevity), resulting in the formation
of a Ti3C2 microtwinned structure, as shown in Figs. 6(a)
and 6(b). It is worth noting that some Al remained at the
twin boundaries, as demonstrated in Fig. 5(b). Thus,
some Al atoms will remain in the Ti3C2 microtwinned
structure as impurities [Fig. 6(b)]; this will be discussed
in detail later. Second, relaxation of the Ti3C2microtwinned
structure takes place. The Ti atoms in direct contact with
each other are extremely unstable and will translate as
a result of electrostatic repulsion, as illustrated in Fig. 6(c).
Themicrotwinned structure is similar to the crystal structure
shown in Fig. 4(c). With further relaxation and ordering,
the microtwinned structure will become Ti3C2. Because the
sample used in the present study was synthesized at

FIG. 5. (a) TEM-EDX spectrum of TiC twinning platelets. Inset shows the TEMbright image of the platelets. (b) Montage of STEMmorphology and
an EDX map of Al–K.
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1350 °C, which was 200 °C higher than the temperature
used by Zhang et al.,17 and theoretically, one third of Ti
atoms will react with Ni, well-crystallized Ti3C2 was
only sporadically observed in the present study. Third,
de-intercalation of Ti atoms occurs. Although the Ti
atomic layers in direct contact have been relaxed by
translation, Ti atoms still have high energy and can
easily diffuse out of the unstable structure to react with
Ni3Al and Ni to form Ni2AlTi, resulting in asymmetric
TiC microtwins, as illustrated in Fig. 6(d). It is worth
noting that the third step does not necessarily take place
later than the second step. Finally, the resulting asymmetric
TiC microtwins without Ti atoms in direct contact are still
unstable and the adjacent twinned layers will de-twin and
merge to form TiC nanolaminates to reduce the twin

boundaries, resulting in TiC twinning platelets of large
size, as shown in Figs. 6(e) and 6(f ). The twin boundaries
with Al impurities still remain and only CTB is sketched
in Fig. 6(e). In fact, with different amounts of Al, the twin
boundaries can be CTB, ITB1, or ITB2 and can even
become defective twins. If the de-twinning and merging
processes do not proceed to completion, SFs will be
formed at the original twin boundaries, as demonstrated
in Fig. 2(c). The whole process can produce unique TiC
twin morphologies with R3{112} ITB (labeled as ITB3),
as illustrated in Fig. 6(f). This is similar to the morphology
observed in Fig. 2(a).

Theoretically, the Ti3AlC2 grains will completely react
with Ni to form TiC and Ni2AlTi, the fourth step will
completely remove the twinned structure, and no TiC

FIG. 6. (a) Projection of Ti3AlC2 along the [1120] axis. The Ti, Al, and C atoms are presented in violet, red, and black, respectively.
(b) Al de-intercalated structure with some remaining Al atoms; (c) relaxed structure by the translation of the Ti3C2 atomic layers; (d) Ti out-diffused
structure; (e) TiC twinning layers merge into nanotwins, where the regions without Al atoms merge into one large twinning lamella; and (f) TiC twinning
platelets with the coexistence ofR3{111} andR3{112} twin boundaries, similar to that in Fig. 2(a). The dark lines are the counterparts of the (002) plane
of TiC. The volume change is not considered in the illustrations for the sake of simplicity.
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twins will remain. In fact, the ternary phase diagram of
Ni–Al–Ti shows that Ni2AlTi can exist over a wide range
of compositions.26,27 Experimentally, the Al content is
always determined to be sub-stoichiometric.27 Thus, it is
not difficult to understand that some Al will remain in the
TiC, as presented in Fig. 5(a). Similar to the impurities in
the other ceramic grain boundaries,28–32 the remaining Al
atoms were observed to segregate at the twin boundaries,
as shown in Fig. 5(b). According to the results of Yu
et al.,11 the presence of Al atoms will help stabilize the TiC
twins, and thus, the nanotwinned structure will be retained
to some extent.

The proposed mechanism can quantitatively explain
why the TiC twins are of small size but high density in
the experiment conducted by Zhang et al., whereas they
are of large size and not of high density in the present
study. In the work of Zhang et al., TiCxwas formed by the
de-intercalation of Al out of Ti3AlC2 grains to form solid
solutions with Cu. According to the composition analysis
of Cu–30 vol% TiCx composite, the nominal formula
of TiCx is Ti3Al0.17C2.82.

9 The high-density TiC twins
observed by Zhang et al.17 were synthesized with Cu and
50 vol% Ti3AlC2, meaning that more Al atoms (.2.8 mol%)
remained in the TiCx grains and more TiC nanotwins
remained during the fourth step. The solid solubility of Ti
in Cu is much lower than that of Al in Cu (about 18% at
room temperature33), being only approximately 0.4% at
room temperature34 and 6–9% at 882 °C.35,36 No Cu–Ti or
Cu–Al–Ti intermetallics formed; therefore, nearly all the
directly contacted Ti atoms remained in the unstable
microtwinned structure. The third step [Fig. 6(d)] barely
proceeded, preventing the twins from merging into a large
size and leading to the formation of more transition zones.
In the present study, because nearly all the Al atoms
de-intercalated and the Ti atoms in direct contact dif-
fused out of the TiCx grains to react with Ni, both the third
and fourth steps proceeded successfully and nearly com-
pletely. Thus, in contrast to the results of Zhang et al.,17 TiC
twinning platelets of large size without high density were
observed in the present study.

However, the above proposed mechanism cannot eluci-
date the structure of the twin boundary in greater detail.
An important aspect that remains to be clarified is the
distribution of Al within the CTB. Yu and co-workers11

assumed that theAl was distributed periodically in the CTB.
However, it is not clear at present whether the distribution
of Al impurities at the CTB is similar to that reported by
Nie et al., where the solute atoms segregated periodically
at the CTB to reduce the elastic strain energy.37 A more
detailed characterization of the twin boundary on the atomic
scale is required to determine this, which is outside the
scope of the present paper.

Yu et al. have attempted to produce TiC twins with Ti,
C, and Al elemental powders as starting materials.11

However, only SFs but no TiC twins were observed.

Therefore, it can be concluded that the energy barrier for
the transformation from TiC to the twinned structure is
relatively high. Because of the high energy barrier and
intrinsic instability, few successful syntheses of TiC twins
have been reported. The present study provides an oppor-
tunity to use nanolaminated TinAmXn�m (A is an A group
element, X is C and/or N, and n $ 2m) compounds38 as
precursors to obtain TiC twinning platelets to strengthen
and toughen TiC or TiC-containing ceramics.

V. CONCLUSIONS

TiC twinning platelets were formed by the reaction
between Ti3AlC2 and Ni. Apart from perfect twins, defec-
tive twins with a certain degree of deviation from the
perfect orientation were observed. In addition, SFs were
identified in the TiC twins. The twin boundaries are of
three types, CTB, ITB1, and ITB2. The Al atoms that
remained in the TiC twins segregate at the twin bound-
aries. A mechanism for the formation and stabilization of
TiC twinning platelets is proposed. This mechanism can
be divided into four steps: (1) de-intercalation of Al
atoms from the Ti3C2 skeleton; (2) relaxation of the Ti3C2

microtwinned structure; (3) de-intercalation of Ti atoms;
and (4) de-twinning and merging of the asymmetric TiC
microtwins.
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