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Abstract

A novel glass–amorphous silica composite coating was prepared by the slurry method in order to improve the oxidation resistance of Ti–6Al–
4V alloy at high temperatures. The microstructure of the as-prepared composite coating was analyzed by SEM, XRD and EDS techniques. The
oxidation resistance and the microstructure evolution of the composite coating at 800 1C for 50 h were also studied. The results show that mass
gains of the specimens coated with the composite coating were far less than that of the uncoated ones after oxidation of 50 h. Thick oxide scales
composed of plate-like rutile TiO2 and some granular α-Al2O3 formed on bare Ti–6Al–4V alloy, while quartz, cristobalite and diopside were
observed in the composite coating, which are useful crystals for slowing the inward diffusion of oxygen to the substrate. The cross-sectional EDS
line scanning images show that inward diffusion of oxygen and outward diffusion of Ti through the composite coating were insignificant. The
microhardness profile reveals that the solid solution oxygen in Ti–6Al–4V alloy with composite coating was limited.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ti alloys are usually used in the aerospace, energy industry,
and military applications due to their excellent mechanical
properties at elevated temperatures [1]. However, serious
oxidation of Ti alloys at high temperatures limits their
industrial applications owing to the formation of mixed oxides
containing the less protective rutile TiO2 and α-Al2O3 rather
than a continuous protective α-Al2O3 scale during their
exposure to high temperatures [2,3].

One way to increase the oxidation resistance of Ti alloys is
to add alloying elements to Ti alloys [4,5]. However, addition
of alloying elements may have negative effects on the
mechanical properties of Ti alloys. To solve this problem,
many kinds of coatings have been deposited on Ti alloys to
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improve their oxidation resistance without degrading their
mechanical properties. For example, Xiong et al. investigated
the effects of hot-dip Al–Si coating on the oxidation of TiAl-
based alloy [6,7]; Gong et al. studied oxidation behavior of
TiAl/TiAlþSiC gradient coatings on gamma TiAl [8]. Other
methods to deposit protective coatings on Ti alloys include the
ion implantation [9], thermal spray [10], pack aluminization
and electrodepositing [11], sol-gel method [12,13], pack
cementation [14], and magnetron sputtering [15].
In addition to the above mentioned methods for preparing

protective coatings, glass and glass–ceramic materials with
excellent chemical inertness and high temperature stability were
also used as coatings for Ti alloys against high temperature
oxidation [16–18]. At the same time, the oxidation resistance and
thermal–physical properties of glass coatings at elevated tem-
peratures can be tailored conveniently by incorporating ceramic
particles into the glass matrix [19]. In previous studies, alumina
particles were usually used as the ceramic particles mentioned
ghts reserved.
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Fig. 1. SEM image of the amorphous silica.
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above [20]. However, the strong tendency of interfacial reactions
between alumina particles and glass matrix at high tempera-
tures always cause the glass–alumina composite coating to
be hard to be densified during pressureless sintering [21]. And
this densifying process needs a higher temperature, which
would cause Ti alloys to undergo serious oxidation during
sintering. To solve this problem, crystalline quartz particles
were considered to be suitable as they were compatible to glass
matrix, and there were no serious interfacial reactions between
quartz and glass during sintering [21]. Nevertheless, to the best
of our knowledge, compared to crystalline quartz particles,
amorphous silica particles would be more compatible to glass
matrix because of their amorphous structure which is the same
as that of glass matrix.

In this study, amorphous silica particles were incorporated
into borosilicate glass to form a composite coating. The
oxidation resistance of this composite coating on Ti–6Al–4V
alloy at 800 1C was evaluated, and the microstructure evolu-
tion of the composite coating was also characterized.

2. Experimental

Ti–6Al–4V alloy specimens were prepared by cutting the
rods into pieces of φ18 mm� 5 mm, grinding their surface
using 1000# SiC paper and ultrasonically cleaning with
ethanol.

The approximate composition of the borosilicate glass was
as follows: SiO2 35–40; B2O3 25–30; Al2O3 2–5; MgO 5–10;
CaO 5–10; Na2O 10–15 in wt%. The raw materials mixed in
suitable proportions were melted at 1200 1C for about 2 h and
then quenched in water to form glass frit. The frit was
subsequently milled in an agate jar for about 36 h to obtain
glass powders (size o75 μm). The glass transition tempera-
ture (Tg) of the glass powders was obtained by DTA (Diamond
TG/DTA, PerkinElmer Instruments). After that, a mixture of
glass powders with 30 wt% amorphous silica particles was
further wet ground to form a slurry. Then the slurry was
brushed directly onto the surface of Ti–6Al–4V alloy, there-
after, the specimens coated with the slurry were dried and
finally fired at 850 1C for 20 min to form the glass–amorphous
silica composite coating.

The isothermal oxidation tests were performed at 800 1C for
50 h in static air in the muffle furnace. The specimens with and
without the composite coating were cooled in air to room
temperature after continuous oxidation at 800 1C for every 5 or
10 h in the muffle furnace, and then weighed using an
electronic balance to study the oxidation kinetics of the
specimens.

Phase analyses of the specimens before and after oxidation
were done by X-ray diffraction (XRD, X'Pert PRO, PANaly-
tical B.V., Holland). The surface morphologies and cross-
sectional microstructures of the specimens were characterized
by scanning electron microscopy (SEM, JSM-7600F, JEOL,
Japan) with an energy dispersive X-ray spectroscopy (EDS,
Inca X-Max 50, Oxford instruments Co., U.K.). And the
Vickers microhardness measurement (DHV-1000) was done
on the cross section of the specimens to evaluate the dissolution
of oxygen in the specimens beneath the oxide scales or com-
posite coating.

3. Results and discussion

The glass transition temperature (Tg) of the borosilicate glass
was about 500 1C. According to the experiment results, the
coating composed of this borosilicate glass was easy to flow
away from Ti–6Al–4V substrate in oxidizing environments at
800 1C. In this study, amorphous silica particles (size o5 μm)
(Fig. 1) were incorporated into the above borosilicate glass
to form the composite coating. The experiments reveal that
this composite coating could be sintered well below 800 1C.
However, a higher temperature is necessary to obtain a glossy
composite coating which would help to improve the oxidation
resistance of the coating [16]. Considering that phase trans-
formation of Ti alloys (α to β) occurs at about 880 1C, the
coating should be fired below 880 1C in order not to affect the
mechanical properties of Ti alloys because the thermal expan-
sion coefficient of Ti alloys will start a larger shift at this point.
In this study, the firing temperature of the composite coating
was 850 1C.

3.1. Microstructures of the as-prepared glass–amorphous
silica composite coating

Fig. 2(a) shows the surface morphology of the as-prepared
glass–amorphous silica composite coating. It can be seen that
the composite coating had a glossy and smooth surface. Fig. 2
(b) shows the cross-sectional microstructure of the as-prepared
composite coating. It can be seen that the composite coating
was very uniform and showed a very good adhesion to the Ti–
6Al–4V substrate. In the coating, a few pores were visible and
close to spherical shape, which indicates that residual porosity
could be determined by bubble formation due to the release of
dissolved gas and insoluble gases entrapped in the initial pores
[18]. And it can be obtained that there was no clear coating/



Fig. 2. SEM images of the as-prepared composite coating: (a) surface
morphology and (b) cross-sectional morphology.

Fig. 3. XRD pattern of Ti–6Al–4V alloy with the as-prepared composite
coating.

Fig. 4. Oxidation mass gains of Ti–6Al–4V alloy with and without the
composite coating at 800 1C.
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metal interface, which might be attributed to the low firing
temperature of the composite coating. The XRD pattern
(Fig. 3) of the coated specimen indicates that the as-prepared
composite coating was composed of amorphous phase and
some cristobalite crystals. The cristobalite crystals might
crystallize on the surface of the amorphous silica particles,
which might be attributed to the catalytic effect of the OH and
O in air and in the glass network, as well as the diffusion of
alkali ions from the borosilicate glass to the amorphous silica
particles [22–24]. It is reported that the formation of cristoba-
lite could increase the coefficient of thermal expansion (CET)
of the composite coating, and would help to prevent the
spallation of the composite coating [19,25].

3.2. Isothermal oxidation

3.2.1. Oxidation kinetics
Fig. 4 shows the isothermal oxidation kinetics of Ti–6Al–

4V alloy with and without the composite coatings at 800 1C up
to 50 h in air. Mass gains of bare Ti–6Al–4V alloy followed an
approximately linear law, which was similar to reports of other
researchers [26]. At the same oxidation condition, mass gains
of the specimens coated with the composite coating were far
less than those of the uncoated ones. The isothermal oxidation
tests indicate that a significant improvement of the oxidation
resistance of Ti–6Al–4V alloy was made by the glass–amor-
phous silica composite coating.

3.2.2. Microstructures of oxide scales on bare
Ti–6Al–4V alloy
After isothermal oxidation of 50 h at 800 1C, bare Ti–6Al–4V

alloy suffered from great oxidation with thick and spalling oxide
scales. The XRD pattern of the oxide scales is shown in Fig. 5.
The amplitude of the diffraction peaks of rutile TiO2 was much
higher than that of α-Al2O3, indicating that the oxide scales
formed on bare alloy were mostly composed of rutile TiO2.
Fig. 6(a) shows the surface morphology of bare Ti–6Al–4V

alloy after 50 h oxidation. Spallation, newly formed oxide and
a crack were observed on the surface of the oxide sample. The
magnified image shows that the oxides of the surface were
composed of plate-like TiO2 and some granular α-Al2O3.
Fig. 6(b) shows that a big crack formed between the thick
oxide layer and Ti alloy substrate. Since the rutile TiO2 scale is
porous, brittle and poorly adherent to Ti alloy substrate, inward
diffusion of oxygen and outward diffusion of Ti through oxide
layer get very easy, then the oxide scales become thicker and



Fig. 5. XRD pattern of Ti–6Al–4V alloy after oxidation for 50 h at 800 1C.

Fig. 6. SEM images of Ti–6Al–4V alloy after oxidation for 50 h at 800 1C:
(a) surface morphology and (b) cross-sectional morphology.
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thicker and cracks form as a result of thermal and growth
stresses during the exposure to elevated temperatures [27].

3.2.3. Microstructures of the glass–amorphous silica
composite coating on Ti–6Al–4V alloy after oxidation
After isothermal oxidation of 50 h at 800 1C, the composite

coating still stayed on Ti–6Al–4V alloy without flowing away
or spallation. In order to get a better understanding of the
protection effect of the composite coating, a detailed investiga-
tion on the microstructure evolution of the composite coating
was carried out.
Fig. 7. SEM images of Ti–6Al–4V alloy with the composite coating after
oxidation for (a) 10 h, (b) 20 h, and (c) 50 h at 800 1C.



Fig. 8. XRD patterns of Ti–6Al–4V alloy with the composite coating after
oxidation for 10, 20, and 50 h at 800 1C.

Fig. 9. Cross-sectional microstructure (a) and EDS line scanning images (b) of
Ti–6Al–4V alloy with the composite coating after oxidation for 50 h at 800 1C.
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Figs. 7 and 8 show the surface morphologies and the XRD
patterns of Ti–6Al–4V alloy with the composite coating after
oxidation for 10, 20, and 50 h at 800 1C. It can be seen that
after oxidation for 10 h, the composite coating still had a
glossy surface and a few pores. The amplitude of the
diffraction peaks of cristobalite had no apparent changes
compared with the as-prepared composite coating. This implies
that there were little changes in the composite coating after
oxidation for 10 h. However, after oxidation for 20 h, the
surface of the composite coating became rough, and some rod-
shaped crystals emerged. According to the XRD and EDS
analyses, it can be concluded that these rod-shaped crystals
were diopside (CaMgSi2O6). The crystallization of diopside
can improve the mechanical strength, corrosion resistance and
thermal stability of the composite coating [28]. Apart from the
diopside, the amplitude of the diffraction peaks of cristobalite
became higher, implying that more cristobalite emerged.
Furthermore, a mount of quartz could be seen from the XRD
analysis at this time. However, it is hard to draw a clear
distinction between quartz and cristobalite from the SEM and
EDS analyses. In spite of this, quartz and cristobalite are useful
crystals for slowing the inward diffusion of oxygen to the
substrate due to the low diffusion coeffience of oxygen in SiO2

[19]. And more diopside, cristobalite and quartz emerged after
isothermal oxidation of 50 h.

Fig. 9(a) shows the coating/substrate interfacial structure
after oxidation for 50 h at 800 1C. Obviously, crystals com-
posed of diopside and SiO2 were included in the cross-
sectional microstructure of the composite coating. After iso-
thermal oxidation of 50 h, a few spherical pores could still be
seen in the composite coating. However, the coating showed
an excellent adherence to the substrate without cracks or
spallation. It indicates that the thermal expansion coefficient of
the composite coating and the alloy substrate matched each
other very well after oxidation. And it means that this
composite coating would still be effective for a longer period
of oxidation. According to EDS line scanning images (Fig. 9
(b)), it can be obtained that inward diffusion of oxygen and
outward diffusion of Ti through the composite coating were
insignificant. It means that the glass–amorphous silica compo-
site coating showed good protection of Ti–6Al–4V alloy from
high temperature oxidation.
3.2.4. Microhardness profile
The hardness of Ti alloys has much to do with the content of

solid solution oxygen in the alloys, the higher content of the
solid solution oxygen, the higher hardness of Ti alloys [21].



Fig. 10. Cross-sectional microhardness profile of Ti–6Al–4V alloy with and
without the composite coating after oxidation for 50 h at 800 1C
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Thus, a microhardness profile is capable of giving an accurate
representation of oxygen diffusion in Ti alloys.

In this study, microhardness profile was obtained by plotting
the measured data of microhardness against the distance from
oxide scales (or coating)/substrate interface. Fig. 10 shows the
cross-sectional microhardness profile of Ti–6Al–4V alloy with
and without the composite coating after 50 h oxidation at
800 1C. It can be seen that the microhardness of sublayers
under the oxide scales of Ti–6Al–4V alloy without coating
was rather high. And the microhardness was decreasing from
the oxide scales/substrate interface to the center of the alloy
whose value was equal to as-casted Ti–6Al–4V ingot. It means
that solid solution oxygen in Ti–6Al–4V alloy without coating
was obvious, because inward diffusion of oxygen from the
oxide scales (mainly composed of porous rutile TiO2) to the
bare alloys are very easy. In contrast, the cross-sectional
microhardness of Ti–6Al–4V alloy with the composite coating
remained stable from the coating/substrate interface to the
center of the alloy. It means that the solid solution oxygen in
Ti–6Al–4V alloy with composite coating was limited, which
confirmed the results from the cross-sectional EDS analysis.
From the above microhardness profiles, we know that the
glass–amorphous silica composite coating showed good pro-
tection of Ti–6Al–4V alloy from high temperature oxidation.

4. Conclusions

A novel protective borosilicate glass–amorphous silica com-
posite coating was successfully prepared on Ti–6Al–4V alloy
at a relatively low firing temperature (850 1C). After oxida-
tion of 50 h, mass gains of the specimens coated with the
composite coating were far less than those of the uncoated
ones. According to the XRD and EDS analyses, a lot of
diopside and SiO2 crystals (quartz, cristobalite) were observed
in the composite coating, which are useful to slow the inward
diffusion of oxygen to the substrate. The cross-sectional EDS
line scanning images and the microhardness profile reveal that
the solid solution oxygen in Ti–6Al–4V alloy with composite
coating was insignificant. In general, the borosilicate glass–
amorphous silica composite coating showed good protection of
Ti–6Al–4V alloy from high temperature oxidation.
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