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Abstract: Element reaction–diffusion of Ti/Al2O3 composite which was fabricated at various sintering
temperatures, holding times, and a sintering pressure of 30 MPa has been discussed in the present
research. Results show that the thickness of the reaction layer of the Ti-Al2O3 interface was increased
in exponential form in correspondence with the increase of the sintering temperature. Furthermore,
according to analysis, the relationship between the thickness of the interface reaction layer, sintering
temperature, and heat preservation time acquiring the kinetic equation of interfacial reaction of
Ti/Al2O3 composite was d = 182.5exp(−6.6 × 104/RT)t0.48 by linear fitting.

Keywords: Ti/Al2O3 composite; elements reaction–diffusion; kinetic equation

1. Introduction

Ti and its alloys have been widely used in the field of aerospace, vehicle engineering, and
biomedical engineering because of their low weight, high toughness, and outstanding corrosion
resistance [1–3]. Al2O3 is one of the most useful ceramics due to its favorable physicochemical property
and great economic benefits [4,5]. As we know, the strength of Al2O3 ceramics and its resistance
to chemical and high-temperature corrosion are better than those of Ti. However, the densification
weakness of Al2O3 is its low-breaking toughness. The combination of Ti and Al2O3, compared with
titanium, has fatigue strength and corrosion resistance of the composite that is definitely improved, at
the same time, because of the role of Ti, the toughness of the composite material is also guaranteed.
Ti/Al2O3 composite is expected to be able to combine the advantages of the metal and ceramic material
and expand their application in some special circumstances such as high temperature, high pressure,
and a corrosive environment [6]. With this excellent feature, Ti/Al2O3 composites have potential
applications in armor panels, brake pads for automobiles, and protective coatings for space shuttles.
Interface bonding is an important index to evaluate the properties of composite materials, including
Ti/Al2O3 composite [7,8].

The interface reaction between Ti and Al2O3 is easy to occur at high temperature while forming
some brittle phases, such as TiAl and Ti3Al, which have severely impacted their interface structure and
mechanical properties [9,10]. To some extent, it restricts the application prospects of Ti/Al2O3 composite
in some fields. In order to study the Ti and Al2O3 under the condition of a high-temperature interface
reaction mechanism, the scientific researchers have done a lot of research, mainly concentrated in Ti and
Al2O3 interface reaction characteristics, composition and generate order, element diffusion distance,
etc. Lu [11] had analyzed the forming process and composition of Ti/Al2O3 composite interface under
different conditions. The results showed that Ti reacted with Al2O3 to form an interface layer of about
200 nm in thickness. The composition of interface phases were mainly: Ti, Al2O3, TiO, and Al in
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the metal state. Ji [12] studied the interface properties between Ti and Al2O3 under the condition
of 1740 ◦C melting for 30 min, and the results illustrated that there was no clear interface reaction
layer, but Ti3Al generated near the Ti side. Chaug [13] reported that TiO compound was formed at the
interface of Ti and Al2O3 (001) under high vacuum. The chemical reaction between Ti and Al2O3 (112)
surface was studied in the research of Selverian [14], TiO was generated at the interface. Therefore, it
makes great sense to study and explore the mechanism of Ti-Al2O3 interface reaction. Our group have
also done some relevant work. Wu [15] discussed the diffuse ability of various elements in Ti/Al2O3

composite, discovering that the diffusion pattern was basically Al entering into Ti, and O barely
changed. Liu [16] furtherly studied the influence of sintering temperature on diffusion distance in the
Ti/Al2O3 composites, deducing the kinetic equation between growth of the thickness and sintering
temperature, meanwhile the formation mechanism of Ti-Al2O3 composite was also explained.

In this work, a model of interface reaction–diffusion of Ti/Al2O3 composite was established
from the angle element diffusion dynamics, we discussed the relationship of Ti-Al2O3 reaction layer
thickness between sintering temperature and soaking time. As is known that the reaction products
TiAl and Ti3Al were both brittle phases in the Ti-Al2O3 system. How to control their generation was
a meaningful and necessary work. Therefore, it was indispensable to realize the interface reaction
between Ti and Al2O3 could further guide us to select the appropriate inhibitor to restrict the interface
reaction, improving the mechanical properties of Ti/Al2O3 composite, which was also the innovation
and purpose of the present study.

2. Experimental Methods

Al2O3 powder (≥99.8% pure, impurity: SiO2 < 0.1 wt.%, Fe2O3 < 0.03 wt.%, Na2O < 0.04 wt.%,
diameter of 5 µm, Henan Changxing Co., Ltd, Zhengzhou, China) and Ti powder (≥99.6% pure,
impurity: Fe < 0.02 wt.%, Si < 0.013 wt.%, Cu < 0.007 wt.%, diameter of 10 µm, Shanghai ST-Nano
Science and Technology, Shanghai, China) were used as raw materials in this experiment. Laminated
Ti/Al2O3 composites were prepared by burying Ti bar (compressed by Ti powder) with Al2O3 powder.
The details were as follows: 2 g Ti powder was pressed into a bar with a size of 30 mm × 10 mm × 2 mm
using a steel mold under the pressure of 30 MPa for 1min. After preparation, 15 g Al2O3 powder was
spread on bottom of a graphite mold with the inner diameter of 45 mm. Then Ti bar (prepared before)
was placed above the Al2O3 powder and covered by 15 g Al2O3 powder. The schematic diagram of
this process was shown in Figure 1. The graphite mold filled with powders was sintered at 1250 ◦C,
1350 ◦C, 1400 ◦C, 1450 ◦C, and 1500 ◦C for different holding time (1.5 h, 2 h, 2.5 h, and 3 h, respectively)
under a pressure of 30 MPa. The samples were taken out when cooling naturally to room temperature.

The microstructure, elements distribution and reaction layers of Ti/Al2O3 composites were
analyzed by using scanning electron microscopy (SEM, FEI QUANTA FEG 250, Hillsboro, OR, USA)
equipped with an energy dispersive spectroscopy (EDS).
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Figure 1. Schematic diagram of Ti/Al2O3 composite prepared by the powder stacking method.

3. Results and Discussion

3.1. Effects of Sintering Schedule on Microstructure of Ti-Al2O3 Interface Reaction Layer

3.1.1. Effects of Sintering Temperature on Microstructure of Ti-Al2O3 Interface Reaction Layer

SEM images and EDS analysis for the interfaces of Ti/Al2O3 composite sintered at different
temperature holding for 1.5 h were shown in Figure 2. It can be identified that the light and dark areas
are Ti and Al2O3, respectively. The area between them is the interface reaction layer of Ti and Al2O3.
With the increase of sintering temperature, the boundaries of the phases are becoming more and more
obvious. Due to the increasingly violent interface reaction, the thickness of the interface reactions layer
shows an increasing tendency. Furthermore, element distribution and microstructure of the interface
reaction layer show obvious change. The above phenomena indicate that temperature is an important
factor affecting the composition and structure of the Ti and Al2O3 interface.
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Figure 2. Scanning electron microscopy (SEM) images and line scanning analysis of the interface at
1250 ◦C holding for 1.5 h.

In addition, it can be seen in Figure 2 that the visible reaction layer between the interfaces of
Ti-Al2O3 in the sample prepared at 1250 ◦C can be observed. The closely combined reaction layer
shows that interface reaction of Ti and Al2O3 starts to occur at this temperature. The EDS results show
that a small quantity of Al and O element diffuses into Ti phase, and the average diffusion distance of
Al element is about 63.1 µm. On the contrary, Ti element hardly spread into the Al2O3 phase. When
the sintering temperature reaches 1350 ◦C, as shown in Figure 3, a clear line between Ti and Al2O3

phases can be observed. However, the boundary between the interface reaction layer and Ti is not so
clear. The thickness of the interface reaction layer increases gradually with the increase to the sintering
temperature. When the sintering temperature is up to 1400 ◦C, it can be observed from Figure 4 that
the interface reaction layer is more compact. When the temperature rises to 1450 ◦C, the thickness of
interface reaction layer continues to increase. When the temperature is 1500 ◦C, the average interface
reaction layer is about of 123.4 µm. As shown in Figure 5, the sizes of Ti and Al2O3 grains become
bigger than those in the samples prepared at the lower sintering temperature. It may be due to that
high temperature (close to the melting point of Ti) that increases the diffusion and flow speed of Ti.
The high temperature also causes the oversintering and abnormal grain growth [15].
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Figure 5. SEM images and line scanning analysis of interface at 1450 ◦C holding for 1.5 h.

According to the EDS results of Ti-Al2O3 interface reaction layers of samples prepared at different
temperatures, the tendency of diffusion and distribution of different elements in the interface can be
obtained. It can be seen that, the concentration of Ti element on the boundary of the interface reaction
layer and the Al2O3 phase declines sharply and goes to practically zero. It means that the diffusion
ability of Ti elements in the Al2O3 phase is very weak, and only a tiny amount of Ti element can
effectively spread. In contrast, the concentration distribution of Al element shows a slow decreasing
trend, which shows that Al element is able to diffuse into the Ti phase. As the diffusion distance
increases, the concentration of Al element gradually decreased. O element exhibits weak diffusion
ability on the interface reaction layer and shows the similar concentration changing trend with Ti
element. Because almost all of the elements on the interface reaction layer are Ti and Al, except for a
very small amount of O element, it can be inferred that the interface reaction layer is mainly composed
of Ti-Al intermetallic compound.

As shown in Table 1, the average thickness of Ti-Al2O3 interface reaction layer of samples prepared
at different sintering temperatures can be estimated according to SEM images and EDS results of
Ti-Al2O3 interface (shown in Figures 2–6). It is easy to see that the diffusion distance of Al element
to the Ti phase and the thickness of the interface reaction layer increase significantly with increasing
sintering temperature.

Table 1. Interfacial reaction layer thickness at different sintering temperatures.

Sintering Temperature (◦C) Holding Time (h) Average Thickness (µm)

1250 1.5 63.1
1350 1.5 81.4
1400 1.5 98.6
1450 1.5 112.3
1500 1.5 123.4
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Figure 6. SEM images and line scanning analysis of the interface at 1500 ◦C holding for 1.5 h.

The analysis of microstructure on the interface reaction layer shows that the densification and
associative property of Ti-Al2O3 interface improves with the increases to the sintering temperature.
It is noteworthy that when the sintering temperature is 1500 ◦C, the density of the interface reaction
layer declines obviously. It is due to the abnormal grain growth at high temperature, which brings
some defects to the Ti phase and pores to the Al2O3 phase.

3.1.2. Effects of Holding Time on Microstructure of Ti-Al2O3 Interface Reaction Layer

In order to explore the effects of holding time on the extent of the Ti-Al2O3 interface reaction, the
composites sintered at 1450 ◦C and 1500 ◦C for 2.5 h, 2 h, and 3 h have been prepared, respectively.
SEM images and EDS analysis for the interfaces of Ti/Al2O3 composites sintered at 1450 ◦C for different
holding times were shown in Figures 7–9. It can be seen in the figures that the thickness of the interface
reaction layer increases with improvements to the holding time. However the microstructure of the
interface reaction layer has no significant change. Ti grains grow obviously when the holding time
improves to 3 h.
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The thickness of the Ti-Al2O3 interface reaction layer of samples prepared at 1450 ◦C and 1500 ◦C
for different holding times was shown in Table 2. The average thickness of the interface reaction layer
and the distance of element diffusion increases gradually along with the improvement to the holding
time. It indicates that the reaction of the Ti-Al2O3 interface is promoted by extending the holding
time. In addition, the average thickness of the interfacial reaction layer of the Ti-Al2O3 interface in the
samples prepared at 1500 ◦C for different holding times is higher than that in the samples prepared at
1450 ◦C, which is in accordance with the results in Section 3.1.1.

Table 2. Interface reaction layer thickness at different holding time.

Sintering Temperature (◦C) Holding Time (h) Average Thickness (µm)

1450

1.5 112.3
2.0 126.2
2.5 141.3
3.0 156.5

1500

1.5 123.4
2.0 141.3
2.5 158.7
3.0 173.6

3.2. Research on the Interface Reaction Kinetic of Ti/Al2O3 Composites

3.2.1. Calculation Method of Diffusion Coefficient

The thicker the reaction layer, the greater the diffusion distance of elements, the greater the reaction
degree, and the corresponding element diffusion coefficient and reaction activation energy [16–18].
Most diffusions belong to unsteady diffusion processes with varying concentrations over time and
can be represented by Fick’s second law [19,20]. According to analysis in Section 3.1, the thickness of
reaction layer of Ti-Al2O3 interface increases with increasing sintering temperature and holding time.
This phenomenon indicates that element diffusion on the interface changes along with the changes to
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location and time. This dynamic parameter of the unsteady state diffusion can be represented by the
Fick’s second law. The law is shown as following:

∂C(d, t)
∂t

=
D∂2C
∂d2 . (1)

where C is element concentration, d is diffusion distance, D is diffusion coefficient, and t is diffusion time.
Assuming that the total number of particles in the crystal is unchanged, the expression of Gauss

solutions for diffusion equation of Fick’s second law is as following:

C(d, t) =
Q

2
√
πDt

exp
(
−

d2

4Dt

)
. (2)

Taking the logarithm on both sides of the equal sign, Equation (2) can be written as follow:

ln C = ln
Q

2
√
πDt

−
d2

4Dt
. (3)

If sintering temperature and holding time is given, ln Q
2
√
πDt

becomes a constant. As a result, the

relationship between ln C and d2 is linear, and the slope can be expressed as tanα = − 1
4Dt . Element

diffusion coefficient D can be calculated as following equation:

D = −
1

4t tanα
. (4)

According to the empirical formula derived from the Fick’s second law, the element diffusion
coefficient of the conventional diffusion reaction on solid can be calculated as the following formula [21]:

D =
d2

t
. (5)

The calculated value from the empirical Formula (4) is close to that from the Fick’s second law,
and the calculating process is simpler. Therefore, the element diffusion coefficient on the interface in
this work was calculated by this empirical formula.

3.2.2. Calculation of the Diffusion Coefficient of Every Element on the Interface Layer

Table 3 listed the diffusion coefficient of every element on the interface layer of Ti/Al2O3 composites
prepared at different sintering temperatures based on the average thickness of interface reaction layer
calculated from Formula (5) and Table 1.

Table 3. Elements diffusion coefficient of Ti/Al2O3 composites interface at different sintering temperatures.

Sintering Temperature (◦C) DAl (cm2
·s−1) DO (cm2

·s−1) DTi (cm2
·s−1)

1250 7.37 × 10−9 4.71 × 10−11 -
1350 1.23 × 10−8 1.85 × 10−10 1.67 × 10−11

1400 1.80 × 10−8 3.63 × 10−10 4.17 × 10−11

1450 2.46 × 10−8 5.22 × 10−10 4.62 × 10−11

1500 3.09 × 10−8 7.07 × 10−10 4.81 × 10−11

It can be seen from the table above that the diffusion coefficient of Al element at the interface is
the largest, indicating that it has the strongest diffusion ability, and the diffusion coefficient increases
significantly with the increase of sintering temperature. In contrast, O element shows weak diffusion
ability, which is about two orders of magnitude lower than Al element. The diffusion ability of Ti
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element is the weakest. When the sintering temperature is below 1250 ◦C, it is hard to observe the
diffusion of Ti element, and no significant change was presented with rising temperatures.

Diffusion coefficient of elements at different sintering temperatures was shown in Figure 10. It can
be seen from the figure that the diffusion coefficient of Al element is higher than that of O and Ti
element. That was because at the high temperature period, Al2O3 will split up the dissociative [Al] and
[O], the diffusibility of [Al] is better than [O], therefore major Al enters into the interface. The diffusion
coefficient of Al element increases exponentially with increasing sintering temperature. However, the
diffusion coefficient of Ti and O element has no obvious change. The diffusion coefficient of O and Ti
element at 1350–1500 ◦C is enlarged as shown in Figure 10b. It can be seen that the diffusion coefficient
of O element also increases rapidly with increasing sintering temperatures. The diffusion coefficient of
Ti element increases slightly with an inconspicuous trend.
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3.2.3. Kinetic Equations of Interface Layer Growth

Reaction kinetics is an important means to study the rate of chemical reaction and its influencing
factors. In general, solid phase reaction should always be accompanied by migration of substances.
As a typical reaction controlled by interface diffusion, the element diffusion rate on the interface of
cermet is determined by the interface reaction rate [22].

The empirical equation explaining the relationship between time and thickness of the reaction
layer derived by Fedorov and others, applying to solid phase diffusion reaction determined by diffusion
rate, can be used to characterize the interface reaction kinetics of Ti/Al2O3 composites. The expression
is as follows [23,24]:

d = K0 exp(−E/RT)tn (6)

where d is thickness of interface reaction layer, t is time, K0 is the advance factor, R is the gas constant,
E is activation energy of interface reaction, and n is reaction kinetics index.

The results of graphics process to the thickness of interfacial layer with the different sintering
temperature and thermal insulation time based on Tables 1 and 2, are shown in Figures 11 and 12,
respectively. It can be seen in the figures that the thickness of the interface reaction layer increases
gradually with increasing sintering temperatures at the same holding time. The thickness of the
interfacial reaction layer increases with the increase of holding time at the same sintering temperature,
but the rate is relatively low. That means the effect of sintering temperatures on the interface reaction
layer is more obvious than that of the holding time.
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According to Equation (6), the relation of thickness of reaction layer and holding time can be
supposed as follows:

d = Ktn (7)

where K is a constant of sintering temperature.
Taking the logarithm of both sides of Equation (7), it can be written as follows:

ln d = n ln t + ln K (8)

where the slope of ln d and ln t is the reaction kinetics index n. The data of ln d and ln t at 1450 ◦C and
1500 ◦C is linear fitted, setting ln t as abscissa and ln d as ordinate, respectively. The equation fitted
based on the data of 1450 ◦C is as following:

y = 0.47x + 0.61 (9)

The equation fitted based on the data of 1500 ◦C is as following:

y = 0.49x + 0.57 (10)

As shown in Figure 13, the relation of thickness of interfacial layer and holding time can be drawn
when brings the slope of ln d and ln t, which is the reaction kinetics index n, to the Equation (7). It can
be observed from the figure that the theoretical value is in good agreement with the experimental value.
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Figure 13. The relationship between the interface layer thickness and the holding time at different
sintering temperatures.

Considering the experimental error, the average value (0.48) of the slope of Equations (9) and
(10) was used as the reaction kinetics index n. At the same time, taking into consideration the effect of
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sintering temperature on the constant of sintering temperature K in Equation (7). Taking the logarithm
of both sides of Equation (6) based on the relation of the thickness of reaction layer and time. It can be
written as follows:

ln d = −
E

RT
+ n ln t + ln K0 (11)

It can be seen from Equation (11) that − E
R is the slope of 1/T, and n ln t + ln K0 is the intercept.

The unknown parameters in Equation (11) can be calculated when linear fits the data of ln d and 1/T at
different sintering temperature for 1.5 h. The fitting result is shown in Figure 14, among which ln d is
abscissa and 1/T is ordinate. The equation is as follows:

y = −7938.52x + 9.33 (12)
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According to the fitting result, it can be calculated that E is 6.6 × 104 kJ/mol and K0 is 182.5.
When bringing them to Equation (6), kinetic equation of the thickness of interface reaction layer,
sintering temperature and holding time can be written as following:

d = 182.5 exp ( − 6.6× 104/RT
)
t0.48 (13)

4. Conclusions

(1) The average thickness of reaction layer of Ti-Al2O3 interface is 63.1 µm at 1250 ◦C. The degree of
densification of the interface and the thickness of the interface reaction layer increase exponentially with
the increase of sintering temperature. The average thickness of the reaction layer of Ti-Al2O3 interface
reaches 123.4 µm when the sintering temperature is 1500 ◦C. It can be proved by the diffusion coefficient
of each element on the interface calculated by the empirical equation. The diffusion coefficient of Al
element is higher than that of O and Ti element. The diffusion coefficient of Al element increases
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exponentially with the increase of sintering temperature. The interface reaction layer is mainly formed
by the diffusion of Al elements.

(2) The relation of the thickness of the interface reaction layer, sintering temperature, and holding
time of Ti/Al2O3 composite has been studied. The kinetic equation of the interface reaction of
Ti-Al2O3 interface is concluded by linear fitting the data from the experiment. The equation is as
follows: d = 182.5exp (−6.6 × 104/RT) t0.48.
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