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bstract

agnetron sputtering deposition of Mo and Zr and subsequent annealing were conducted with the motivation to modify the surface hardness of
i SiC . For Mo-coated Ti SiC , Si diffused outward into the Mo layer and reacted with Mo to form molybdenum silicides in the temperature
3 2 3 2

ange of 1000–1100 ◦C. The MoSi2 layer, however, cracked and easily spalled off. For Zr-coated Ti3SiC2, Si also diffused outward to form Zr–Si
ntermetallic compounds at 900–1100 ◦C. The Zr–Si compounds layer had good adhesion with Ti3SiC2 substrate, which resulted in the increased
urface hardness.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Ti3SiC2 is one of the Mn+1AXn phases (n = 1–3), where M is
n early transition metal, A is an A-group element (usually group
IIA–IVA elements), and X is C or N. Ti3SiC2 combines unique
roperties of both metals and ceramics, such as high thermal and
lectrical conductivity, high elastic modulus and strength, good
xidation resistance and easy machinability.1–14 However, com-
ared with traditional binary carbides such as TiC, its hardness
nd wear resistance are relatively low, which limit its widespread
pplications. Therefore, strengthening by modifying the surface
roperties of Ti3SiC2 without losing its intrinsic merits is of vital
mportance.

It is well known that the crystal structure of Ti3SiC2 can be
onsidered as two-dimensional closed packed layers of Si peri-

dically intercalated into the (1 1 1) twin boundary of TiC0.67
Ti3C2).15 The de-intercalation of Si from Ti3SiC2 caused the
opological transformation from hexagonal Ti3SiC2 to cubic
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iC0.67. Obviously, when the de-intercalation takes place, the
s-formed TiCx will increase the surface hardness of Ti3SiC2.
hus we can induce the topological transformation on the sur-

ace of Ti3SiC2, which takes place when it reacts with Cu,16

i,17 graphite,18 molten cryolite19 and liquid Al20 to enhance
he surface hardness. In our previous work,21 magnetron sput-
ering of Cu and subsequent annealing was used to enhance
he surface hardness of Ti3SiC2 from 5.08 GPa to a maxi-

um 9.65 GPa owing to the formation of TiCx following the
eaction Ti3SiC2 + 3Cu → 3TiC0.67 + Cu3Si. Nevertheless, the
nward diffusion of Cu along the grain boundaries and defects
n Ti3SiC2 was too fast to maintain a thin and hard surface layer.
ne possible solution for this problem is to replace Cu with
ore stable elements such as Mo and Zr. Mo and Zr were cho-

en because of the following reasons. Similar to the situation of
u, molybdenum and zirconium silicides are possibly formed
y the reaction of Mo and Zr with Ti3SiC2.22,23 The disilicide
oSi2, which exhibits low density (6.24 g/cm3), high hardness

9.8 GPa, twice that of Ti3SiC2), high melting point (2020 ◦C),
nd outstanding oxidation resistance up to 1700 ◦C, is widely
sed as heating element in high-temperature air furnaces.24 For

irconium silicide, ZrSi2 has relatively low density (4.89 g/cm3),
igh hardness (9.42 GPa), and high melting point (1680 ◦C).25,26

n particular, zirconium silicides ZrxSiy have been considered as
andidates for neutron reflectors (driving back electrons to the

mailto:yczhou@imr.ac.cn
dx.doi.org/10.1016/j.jeurceramsoc.2009.04.042
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Table 1
Parameters for the deposition of Mo and Zr on Ti3SiC2 by magnetron sputtering
method.

Target source Mo (Φ 60 mm) Zr (Φ 60 mm)
Substrate Ti3SiC2 Ti3SiC2

Sputtering gas Ar Ar
Base pressure (Pa) 5 × 10−4 5 × 10−4

Gas partial pressure (Pa) 0.4–0.5 0.4–0.5
Gas flow rate (sccm) 20 20
DC sputtering power (W) 75 75
Negative DC bias applied to
the substrate (V)

100 100

Substrate temperaturea (◦C) 70 70
Substrate–target distance
(mm)

60 60

Deposition time (min) 60 60
Deposition rate (�m/min)b 0.057 0.054

a Although there was no deliberate attempt to heat the substrates, the temper-
ature of the films rose as high as ∼70 ◦C during magnetron sputtering as a result
of the condensing of the sputtered atoms—the heat of condensation plus their
kinetic energy.
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annealed in a temperature range of 1000–1100 C and
900–1100 ◦C, respectively, for 60–180 min in a horizontal vac-
uum tube furnace under a pressure of∼5 × 10−3 Pa. The detailed
processing parameters are listed in Table 1.
ig. 1. (a) X-ray diffraction patterns of Ti3SiC2 substrate with a little amount
f TiC, (b) microstructure of the as-prepared bulk Ti3SiC2.

ore to increase the reactor’s performance) according to simula-
ions based on the elastic scattering cross-section of Si and Zr.27

ence, if molybdenum and zirconium silicides were formed on
he surface of Ti3SiC2, the surface mechanical properties would
e improved. The aim of this work is to elucidate the reaction and
iffusion mechanisms of Mo and Zr coated on Ti3SiC2, and to
nvestigate any strengthening effect brought about by subsequent
nnealing of the coated samples.

. Experimental procedures

Bulk Ti3SiC2 used in this work was fabricated by an in situ hot
ressing/solid–liquid reaction process, which has been described
n detail elsewhere.2 According to the X-ray diffraction pattern
hown in Fig. 1a, there is a minor amount of TiC in the as-
repared Ti3SiC2 substrate. Fig. 1b shows the microstructure of
he as-prepared bulk Ti3SiC2. The measured density of Ti3SiC2
as 97% of the theoretical value, which was determined by the
rchimedes’ method.
The Ti3SiC2 substrate was cut into rectangular specimens of

mm × 8 mm × 2 mm by electrical discharge method from an
s-fabricated bulk disk. The surfaces used for sputter deposition
ere ground down to 1500 grade SiC paper, mechanically pol-

shed using 1.5 �m diamond paste to ensure a flat and mirror-like
urface, and then ultrasonically cleaned in ethanol and acetone
ndividually for 10 min before they were transferred into the
puttering chamber.

A JGP560C14 ultrahigh vacuum (UHV) magnetron sputter-
ng deposition system (SKY Technology Development Co. Ltd,
henyang, China) was used to deposit polycrystalline Mo and
r films onto the Ti3SiC2 substrate. During deposition, the sub-
trates were kept static with the substrate-to-target separation
ds–t) of 60 mm to ensure an identical condition for each run.
he sputtering chamber was evacuated to a base pressure of
5 × 10−4 Pa, and then backfilled with high purity argon to the
equired pressure of 0.4–0.5 Pa with a gas flow rate of generally
0 sccm. The Mo and Zr film deposition process was carried
ut under the deposition DC power of 75 W, meanwhile a neg-
tive DC bias of 100 V was applied to the substrate. Prior to

F
1
f
M

b Thickness of the film was measured using a HXD-1000B digital microhard-
ess tester and the growth rate was calculated from the film thickness obtained
or a given deposition time.

eposition, the pure molybdenum and zirconium targets were
re-sputtered for 5 min in order to remove the contaminants and
xides on the surface. During the target cleaning, a shield was
nterposed between the target and the substrate to avoid the sub-
trate contamination. Although there was no deliberate attempt
o heat the substrates, the temperature of the films rose as high
s ∼70 ◦C during magnetron sputtering as a result of condens-
ng of the sputtered atoms (the heat of condensation plus their
inetic energy).

After sputtering, the Mo and Zr-coated Ti3SiC2 were
◦

ig. 2. X-ray diffraction patterns of Mo-coated Ti3SiC2 after annealing at (b)
000 ◦C for 60 min, (c) 1050 ◦C for 60 min, (d) 1050 ◦C for 180 min, (e) 1100 ◦C
or 60 min, and (f) 1100 ◦C for 180 min. For comparison, diffraction pattern of

o-coated Ti3SiC2 was also listed in (a).
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ig. 3. Surface images of (a) Mo-coated Ti3SiC2 and Mo-coated Ti3SiC2 after a
e) 1100 ◦C for 60 min and (f) 1100 ◦C for 180 min. (Left side: secondary electr

The modified surfaces were examined by X-ray diffrac-
ion (XRD, Rigaku D/max-2400, Japan) with Cu K� radiation
o identify the annealing-induced reaction products. Both the
urface and cross-section morphologies of the samples after
nnealing were examined using a scanning electron microscope
SEM, LEO Super 35, Germany) equipped with an energy dis-
ersive spectroscope (EDS) system. Vickers hardness of the
eaction layer was determined by an HXD-1000B digital micro-
ardness tester at a load of 1 N with a dwell time of 15 s. The
easured value was the average of ten separate measurements.

. Results and discussion

.1. Depositing Mo and subsequent annealing
.1.1. Phase composition
Fig. 2 shows XRD patterns of Mo-coated Ti3SiC2 and those

nnealed at high temperatures. After sputtering Mo for 60 min,

T
g
s
F

ling at (b) 1000 ◦C for 60 min, (c) 1050 ◦C for 60 min, (d) 1050 ◦C for 180 min,
ages; Right side: back-scattered electron images.)

esides diffraction peaks of Ti3SiC2, Mo peaks can be observed
Fig. 2a). Indeed, reflections at 2θ values of 40.04◦, 58.13◦
an be assigned as Mo (1 1 0) and Mo (2 0 0), which shifted
bout 0.5◦ to low angles compared with those in the JCPDS
ard No. 42-1120. The most important contribution to XRD
eak shifting originated from microstress-induced alteration of
he lattice from theoretical value of 3.147 Å to 3.175 ± 0.006 Å,
hich was calculated from the reflections of Mo-coated Ti3SiC2

n Fig. 2a. Moreover, diffraction peaks of Mo were relatively
road, which indicates that there was residual stress in the as-
eposited film because of the difference in coefficient of thermal
xpansion between Mo-coating (α (Mo) = 5.8 × 10−6 K−1) and
i3SiC2 substrate (α (Ti3SiC2) = 9.1 × 10−6 K−1).6,28 It can be
een from Fig. 3a that the surface morphology of Mo-coated

i3SiC2 was relatively flat and tightly packed without voids or
aps and only with an occasional granule which can be clearly
een from the high-magnification images in Fig. a1, a2 (insert in
ig. 3a). After annealing, it can be seen from Fig. 2b–f that all
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(1 − x)Mo5Si3 + 7Ti3SiC2 → 5(1 − x)MoSi2 + 7Ti3SixC2 (3)
ig. 4. Back-scattered electron images of cross-sections of Mo-coated Ti3SiC2

80 min.

he diffraction peaks of Mo shifted to normal positions resulting
rom the release of microstress. From the XRD patterns, it can
e seen that at 1000 ◦C for 60 min, a small amount of MoSi2
ppeared (Fig. 2b). The reaction between Mo and Ti3SiC2 can
e described as:

Ti3SiC2 + (1 − x)Mo → (1 − x)MoSi2 + 2Ti3SixC2 (1)

hus, both Mo and MoSi2 existed in the layer. Yoon et al.29

emonstrated that a columnar Mo5Si3 layer could form at the
nterface between Mo and MoSi2 after heat treating them in
he temperature range of 1250–1600 ◦C owing to the diffusion
f Si. In our work, after annealing the Mo-coated film at lower

◦
emperature (1050 C) for 60 min (Fig. 2c), Mo5Si3 was detected
nd the reaction can be expressed as:

MoSi2 + 7Mo → 2Mo5Si3 (2)

ig. 5. Microhardness vs. heat treatment conditions, including heat treatment
emperature and dwell time, where (a) Ti3SiC2 substrate, (b) Mo-coated Ti3SiC2,
nd Mo-coated Ti3SiC2 after annealing at (c) 1000 ◦C for 60 min, (d) 1050 ◦C
or 60 min, (e) 1050 ◦C for 180 min, (f) 1100 ◦C for 60 min.

F
9
f
i

nnealing at (a) 1000 ◦C for 60 min, (b) 1050 ◦C for 60 min, and (c) 1100 ◦C for

rolonging the annealing time to 180 min at 1050 ◦C (Fig. 2d),
he amount of MoSi2 increased noticeably and the reflections
f Mo5Si3 became stronger, while the diffraction peaks of Mo
ecame weaker. Further increasing the annealing temperature to
100 ◦C for 60 min (Fig. 2e), reflections of MoSi2 and Mo5Si3
ncreased continuously corresponding to the decrease of Mo
eaks. Prolonging the annealing time to 180 min at 1100 ◦C
Fig. 2f), reflections were mainly assigned to MoSi2. Conse-
uently, the following reaction is proposed for the process:
ig. 6. X-ray diffraction patterns of Zr-coated Ti3SiC2 after annealing at (b)
00 ◦C for 60 min, (c) 950 ◦C for 60 min, (d) 1000 ◦C for 60 min, (e) 1050 ◦C
or 60 min, (f) 1100 ◦C for 60 min, and (g) 1100 ◦C for 180 min. For convenience
n comparison, diffraction pattern of Zr-coated Ti3SiC2 was also listed in (a).
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ig. 7. Surface images of Zr-coated Ti3SiC2 after annealing at (a) 900 ◦C for
100 ◦C for 60 min and (f) 1100 ◦C for 180 min.

.1.2. Microstructure
SEM and EDS analyses indicate that surface composition was

onsistent with the XRD results. Fig. 3b–f shows both secondary
nd back-scattered electron images of Mo-coated Ti3SiC2 after
nnealing. As shown in Fig. 3b, bulging MoSi2 formed on the
urface of Mo-coated Ti3SiC2 after annealing at 1000 ◦C for
0 min. When annealing at 1050 ◦C for 60 min (Fig. 3c), both
he amount and dimension of bulging MoSi2 increased and
mall Mo5Si3 particles appeared around the bulging MoSi2.
n addition, the bulging MoSi2 caused cracking. Increasing the
emperature and duration, the detachment of MoSi2 further pro-
ressed (Fig. 3d, e). At 1100 ◦C for 180 min (Fig. 3f), the MoSi2
ormed on the surface of Ti3SiC2 totally split off the Ti3SiC2
ubstrate.

Fig. 4 shows back-scattered electron images of cross-sections
f Mo-coated Ti3SiC2 after annealing at (a) 1000 ◦C for 60 min,

b) 1050 ◦C for 60 min, and (c) 1100 ◦C for 180 min. At lower
emperature (Fig. 4a, b), dense structures with good coating-
o-substrate adhesion were obtained. Mo is a relatively stable
lement which is commonly used as a marker to investigate the

c
s
a
T

in, (b) 950 ◦C for 60 min, (c) 1000 ◦C for 60 min, (d) 1050 ◦C for 60 min, (e)

iffusion mechanism. From the EDS line scans taken along the
ayer and its interface with the Ti3SiC2 substrate shown in Fig. 4,
t can be found that Mo did not diffuse inward, instead Si diffused
utward into the Mo layer. But after annealing at 1100 ◦C for
80 min (Fig. 4c), the coating showed crazing with the formation
f MoSi2. In all cases, the same thickness of Mo layer indicated
hat Mo did not diffuse inward. Consequently, Si diffusing into

o layer would result in the significant volume increase.

.1.3. Microhardness
Microhardness under different annealing conditions is shown

n Fig. 5. It can be observed from Fig. 5 that the surface of
i3SiC2 was strengthened from 5.08 to 9.65 GPa after sputtering,
ut the microhardness of the annealed samples decreased with
ncreasing annealing temperature to a steady value of 7.5 GPa.
here are two main reasons to explain the phenomenon. First, the

hange of surface hardness is closely correlated to the compo-
itions on the surface. The hardness of Mo, Mo5Si3 and MoSi2
re 15.3, 12.0 and 9.8 GPa,24,28,30 respectively. The as-coated
i3SiC2 has the highest hardness. After annealing, the amount of
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ig. 8. Line scan and back-scattered electron images of cross-sections of Zr-co
) 1000 ◦C for 60 min, (d, k) 1050 ◦C for 60 min, (e, l) 1100 ◦C for 60 min and (

oSi2 and Mo5Si3 increased, which led to the decrease in micro-
ardness. Second, the coating showed crazing with increasing
nnealing temperature with subsequent disruption of the coating.
Magnetron sputtering Mo and subsequent annealing was
ntended to strengthen Ti3SiC2. However, it did not work
ue to the cracking of MoSi2 because of the large differ-
nce in density between MoSi2, Mo5Si3 and Mo-coating

4
o
t
e

i3SiC2 after annealing at (a, h) 900 ◦C for 60 min, (b, i) 950 ◦C for 60 min, (c,
1100 ◦C for 180 min.

ρ (MoSi2) = 6.24 g/cm3, ρ (Mo5Si3) = 8.24 g/cm3 and ρ

Mo) = 10.28 g/cm3).28,31 The volume increases due to the for-
ation of MoSi2 and Mo5Si3 were calculated to be 159% and
5%, respectively. Evidently, the considerable volume increase
f MoSi2 led to the detachment. To overcome the cracking of
he coating, Zr was deposited on Ti3SiC2 and the strengthening
ffect is described in the following section.
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Fig. 9. Microhardness vs. heat treatment conditions, including heat treatment
temperature and dwell time, where (a) Ti3SiC2 substrate, (b) Zr-coated Ti3SiC2,
a
6
(

d
M
m
a
p
M
i
t
s
l
r
c
Z

3

Z
m
a
1
t
a

4

t
i
o

H. Guo et al. / Journal of the Europe

.2. Depositing Zr and subsequent annealing

.2.1. Phase composition
Diffraction peaks of Zr can be observed in Fig. 6a after sput-

ering for 60 min. Similar to the deposition of Mo, the diffraction
eaks of Zr were relatively broad and shifted to low angle,
hich originated from the microstress-induced alteration of lat-

ice. After annealing, diffraction peaks of Zr shifted to their
ormal positions due to the release of microstress. In addition,
esides reflections of Zr, an unidentified Zr–Si phase marked ‘�’
ppeared after annealing at 900 ◦C for 60 min (Fig. 6b). Then,
he intensity of the unidentified Zr–Si phase increased after
ncreasing the annealing temperature to 1050 ◦C, meanwhile,
he diffraction peaks of Zr became weak (Fig. 6c–e). Further
ncreasing the annealing temperature to 1100 ◦C (Fig. 6f), ZrSi2
as detected accompanied with the decrease of the unidentified
r–Si phase. When annealing at 1100 ◦C for 180 min (Fig. 6g),

he amount of ZrSi2 increased. In general, increasing the tem-
erature or prolonging annealing time resulted in the formation
f Zr–Si compounds with higher Si content.

.2.2. Microstructure
Fig. 7 shows surface morphologies of Zr-coated Ti3SiC2

nder different annealing conditions. At 900 ◦C for 60 min
Fig. 7a), the Zr-coated surface was relatively flat with some
ig sputtering particles. Bulging appeared in some area in the
ample annealed at 950 ◦C for 60 min (Fig. 7b), which was iden-
ified to be Zr–Si phase by EDS analysis. At 1000 ◦C for 60 min
Fig. 7c), bulging was extended to the whole surface. Then,
ome little ridged particles which were determined to be ZrSi2
ormed after annealing at 1050 ◦C for 60 min (Fig. 7d). More
idged particles formed and grew up in the sample annealed
t 1100 ◦C (Fig. 7e). This phenomenon can be clearly seen in
ig. 7f after annealing at 1100 ◦C for 180 min. The change of
urface morphology of Zr-coated Ti3SiC2 during annealing was
ell consistent with the XRD results.
Fig. 8 shows the cross-section microstructure and the EDS

ine scans results, which reveal an interesting feature. At 900 ◦C
or 60 min, the line scan (in Fig. 8a) taken along the horizontal
ine in Fig. 8h shows that Si has diffused into one half of the Zr
ayer. At 950 ◦C for 60 min (Fig. 8b, i), the diffusion distance of
i has extended to two thirds of the Zr layer. Further increasing

he annealing temperature, the diffusion of Si becomes stronger.
t 1000 ◦C (see Fig. 8c, j) and 1050 ◦C (see Fig. 8d, k), Si has
iffused across the whole Zr layer. At these temperatures, the
ntensity of Si in the line scan spectra is always weaker than that
f Zr. But the intensity of Si becomes stronger than that of Zr after
nnealing at 1100 ◦C for 60 min (in Fig. 8e, l), which divides the
r layer into two parts. In the inner part (near Ti3SiC2 substrate),

he intensity of Si is stronger than that of Zr. In the outer part
surface), the intensity of Si is weaker than that of Zr. After
nnealing at 1100 ◦C for 180 min, the intensity of Si exceeds
hat of Zr in the whole layer. In other words, both the diffusion

istance and amount of Si increase with increasing the annealing
emperature and dwell time. In addition, the thickness of the
ayer becomes wider with increasing the annealing temperature
nd dwell time.

o
d
M
l

nd Zr-coated Ti3SiC2 after annealing at (c) 900 ◦C for 60 min, (d) 950 ◦C for
0 min, (e) 1000 ◦C for 60 min, (f) 1050 ◦C for 60 min, (g) 1100 ◦C for 60 min,
h) 1100 ◦C for 180 min.

It is known from the EDS line scan results in Fig. 8 that Zr
id not diffuse inward into the Ti3SiC2 substrate (analogous to
o) at the high temperature. Similarly, the reaction was deter-
ined by the diffusion of Si. Moreover, the diffusion distance

nd amount of Si increase with increasing the annealing tem-
erature and dwell time. However, unlike the situation of stable
o, where the coating thickness was almost constant during the

nward diffusion of Si from Ti3SiC2 at all annealing conditions,
he interface between the Zr–silicide layer and the Ti3SiC2 sub-
trate moves with the insert of Si resulting in the increase of
ayer thickness (Fig. 8a–f), which can release the growth stress
esulting from the volume increase. This can explain why no
racking but a good coating-to-substrate adhesion formed in the
r-coated Ti3SiC2 after annealing.

.2.3. Microhardness
Fig. 9 shows the microhardness of Ti3SiC2 substrate and the

r-coated Ti3SiC2 after annealing. It can be clearly seen that the
icrohardness increased with increasing the annealing temper-

ture and dwell time to a maximum 13.52 GPa at 1100 ◦C for
80 min. The increase of microhardness is due to increase of
he amount of Zr–silicide on the annealed samples and the good
dhesion to the Ti3SiC2 substrate.

. Conclusions

Magnetron sputtering Mo and subsequent annealing in the
emperature range of 1000–1100 ◦C were conducted in order to
mprove the surface hardness of Ti3SiC2. During the annealing
f Mo-coated Ti3SiC2, Mo did not diffuse inward but Si diffused

utward into the Mo layer and reacted with Mo to form molyb-
enum silicides. Due to the big difference in density between
oSi2, Mo5Si3 and Mo-coating, the coating showed crazing

eading to the invalidation of the coating.
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Similarly, magnetron sputtering deposition Zr and subse-
uent annealing in the temperature range of 900–1100 ◦C were
onducted. Zr did not diffuse inward into the Ti3SiC2 substrate
t high temperatures. The reaction was determined by the dif-
usion of Si. Moreover, the diffusion distance and amount of
i increased with increasing annealing temperature and dwell

ime. At the same time, the interface of Zr–silicide layer moved
ith the insert of Si leading to an increase of layer thickness,
hich could release the growth stress resulting from the volume

ncrease. Thus, the as-formed Zr–silicide layer was well coher-
nt with Ti3SiC2 substrate resulting in a maximum hardness
alue of 13.52 GPa.
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