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Abstract: Cold-rolled Ti/Al laminated composites were annealed at 525—625 °C for 0—128 h, and the interfacial
microstructure evolution was investigated. The results indicate that only the TiAl; phase was formed at the Ti/Al
interface; most of TiAl; grains were fine equiaxed with average sizes ranging from hundreds of nanometers to several
microns and the TiAl; grain size increased with increasing annealing time and/or temperature, but the effect of
annealing temperature on the TiAl; grain size was far greater than that of annealing time. The growth of the TiAl; phase
consisted of two stages. The initial stage was governed by chemical reaction with a reaction activation energy of
195.75 kJ/mol, and the reaction rate constant of the TiAl; phase was larger as the Ti/Al interface was bonded with fresh
surfaces. At the second stage, the growth was governed by diffusion, the diffusion activation energy was 33.69 kJ/mol,
and the diffusion growth rate constant of the TiAl; phase was mainly determined by the grain boundary diffusion owing

to the smaller TiAl; grain size.
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1 Introduction

Recently, the Ti/TiAl; metal-intermetallic
compound laminated composites have become
attractive and potential candidate materials in the
fields of aerospace, weapons, and ground military
vehicle protection systems due to their excellent
properties, such as high yield strength at elevated
temperatures, high fracture toughness, high oxidation-
corrosion resistance, low density, and good
dimension stability [1]. Several technologies based
on solid-state reaction between Ti and Al have been
developed to Ti/TiAl;
composites, including diffusion bonding [2], roll
bonding with annealing [3,4], explosive welding
with annealing [5], and friction stir welding with
annealing [6]. By using these methods, only the

fabricate laminated

intermetallic compound TiAl; phase is usually
formed at the Ti/Al interface.

Quite a few studies have focused on the
formation mechanism and growth kinetics of the
TiAl; phase during solid-state reaction between Ti
and Al. However, the kinetic parameters, such as
the kinetic exponent n, growth rate constant K, and
activation energy (Q, vary widely in different works,
and there exist different explanations about the
growth mechanism of the TiAl; phase. For example,
LUO and ACOFF [7] investigated the growth
kinetics of the TiAl; phase in Ti/Al laminated
composites prepared by cold rolling with
subsequent annealing at 650 °C for 0.5-2h and
found that the growth of the TiAl; phase was
dominated by linear law (n=1). KRAL et al [8]
studied the growth kinetics of the TiAl; phase in
Ti/Al laminated composites prepared by ion plating
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with subsequent annealing at 530—630°C for
1-20h and found that the growth of the TiAls
phase was dominated by parabolic law (n=0.5).
FRONCZEK et al [9] found that the growth of the
TiAl; phase in Ti/Al laminated composites prepared
by explosive welding with subsequent annealing
at 552°C can be divided into four stages:
(1) incubation period (up to 1.5h), (2) growth
governed by chemical reaction for 1.5-5 h (n=1.0),
(3) growth governed by volume diffusion for
36100 h (n=0.48), and (4) growth governed by
both chemical reaction and volume diffusion for
5-36 h. However, FOADIAN et al [10] found that
the growth of TiAl; phase in Ti/Al laminated
composites prepared by explosive welding with
subsequent annealing at 630 °C can only be divided
into two stages: (1) growth governed by chemical
reaction for 0—12.8 h (#=0.93), and (2) growth
governed by grain boundary diffusion for
12.8-260 h (n=0.31). Furthermore, when the kinetic
exponent n was equal to 0.5, most studies show that
the growth kinetics of the TiAl; phase was governed
by volume diffusion [11-13]. However, some
studies [14,15] considered that the growth kinetics
of the TiAl; phase was dominated by mixed
diffusion of volume and grain boundary, or even
grain boundary diffusion alone. In summary, it can
be concluded that the growth kinetics of the TiAl;
phase is still wunclear and needs further
investigation.

The present work aims to shine new light on
the formation mechanism and growth kinetics of
the TiAl; phase. The Ti/Al laminated composites
were prepared by cold-rolled bonding. Extensive
experimental tests were conducted to study the
solid-phase reaction between Ti and Al under
different annealing conditions, and the formation
mechanism and growth kinetics of the TiAl; phase
were thoroughly studied.

2 Experimental

In this work, the raw materials were
commercial Gr.1 pure Ti (99.6 wt.% in purity, and
1 mm in thickness) and pure Al 1050 (99.5 wt.% in
purity, and 3 mm in thickness) sheets with
dimensions of 200 mm x 300 mm, and the chemical
compositions of Ti and Al sheets are shown in
Table 1. The Ti sheet was annealed in a vacuum
heat treatment furnace at 650 °C for 40 min, and

then furnace-cooled to 200 °C and subsequently air-
cooled to room temperature. The Al sheet was
annealed in a regular heat treatment furnace at
450 °C for 40 min and then air-cooled to room
temperature. The annealed Ti and Al sheets
were etched by 10 vol.% HF and 10 wt.% NaOH
solutions, respectively, cleaned with acetone, and
then roughened using steel brush to eliminate
surface contamination and prepare a work-hardened
layer on the surface for good bonding. The treated
Ti and Al sheets were stacked and then bonded by
cold rolling with four rolling passes and a 75% total
thickness reduction. The as-rolled Ti/Al laminated
composites were cut into 10mm X 15 mm
specimens using electro-discharge machining. The
specimens were annealed in a regular heat treatment
furnace at 525, 550, 575, 600 and 625°C for
different time and then air-cooled to room
temperature. The annealing time was 1/12, 1/6, 1/2,
1, 2, 4, 8, 16, 24, 32, 48, 64, 96, and 128 h,
respectively.

Table 1 Chemical compositions of Ti and Al sheets
(wt.%)
Sample Fe C N H O Others Ti
Gr.1Ti 0.20 0.08 0.03 0.015 0.18 040 Bal
Sample Si Fe Cu Mn Mg Others Al
A11050 0.25 0.40 0.05 0.05 0.05 0.16 Bal

The surfaces of all specimens for metallo-
graphic examination were on the normal direction
(ND)-rolling  direction (RD) planes. The
cross-sections of all specimens were mechanically
ground using SiC abrasive papers (400, 800, and
2000 grit) and polished using diamond powder
pastes (2.5 and 0.5 um). The surface layer of
approximately 1 mm in thickness was removed by
grinding and polishing to prevent the influence of
surface diffusion. The interfacial layer thicknesses
were measured by optical microscopy (OM) with
image processing software in most specimens and
by scanning electron microscopy (SEM) for a
small number of specimens. Three specimens were
used for each annealing condition, and fifty
representative interfacial layer thickness values
were measured for each specimen to obtain the
average thickness. Because the thickness of the
intermetallic compounds at the Ti/Al interface was
not uniform, the longer, thicker, and straighter
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regions of the interfacial layer were measured
as the representative thickness. Some mechanically
polished specimens were further electropolished in
a solution of V(HCIlO,):V(n-butanol): V(methanol)=
1:4:5 at —15°C for 15-20s under an applied
voltage of 27V, and then the microstructure
evolution and chemical compositions of the
electropolished specimens were investigated using
field-emission scanning electron microscopy (SEM,
Zeiss Supra 55) equipped with energy dispersive
X-ray spectrometry (EDS) and electron back-
scattered  diffraction (EBSD) system. The
specimens on Al side were dissolved in 10 wt.%
NaOH solution, and the rest of the specimens were
investigated using X-ray diffractometer (XRD,
Bruker D8 Advance) to determine the crystal
structure of the intermetallic compounds. Cu K,
radiation was used, the scanning range was 15°-90°
and the scan rate was 4 (°)/min.

3 Results and discussion

3.1 Microstructure and phase compositions
of Ti/Al laminated composites during
annealing
Figure 1(a) shows the back-scattered SEM

image of the as-rolled Ti/Al laminated composites.

The dark region is identified as Al, the grey region

is identified as Ti, and the Ti/Al interface is well
bonded with no intermetallic compounds formed.
The microstructure evolutions of cold-rolled Ti/Al
laminated composites annealed at 525-625 °C are
similar. Therefore, Fig. 1 shows only the SEM—
EDS images of the cold-rolled Ti/Al laminated
composites annealed at 625 °C for different time.
After annealing for 5 min, an interfacial layer with
an average thickness of 2.01 um is formed at the
Ti/Al interface, as shown in the black-grey region
of Fig. 1(b). With increasing annealing time, the
average interfacial layer thickness increases
continuously. After annealing for 4 h, the average
interfacial layer thickness increases to 53.68 um, as
shown in Fig. 1(c). The concentration distribution
of Al and Ti in the Ti/Al laminated composites
annealed at 625 °C for 4 h is shown in Fig. 1(d).
The concentration profiles are almost constant in
the intermetallic compound layer, and the molar
fractions of Ti and Al are approximately 26.3% and
73.7%, respectively. The molar ratio of Ti to Al is
approximate to 1:3, which proves that the
intermetallic compound is TiAl; phase. The Al
concentration in the black region is 100% and
decreases sharply near the AI/TiAl; interface,
indicating that Ti atoms hardly exist in Al solid
solution. Similarly, the Al concentration in the
white region is 0 and increases sharply near the
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Fig. 1 Back-scattered SEM images of Ti/Al laminated composites: (a) As-rolled; (b) Annealed at 625 °C for 5 min;
(c) Annealed at 625 °C for 4 h; (d) Ti and Al concentration profiles of Ti/Al laminated composites annealed at 625 °C

for4 h
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TiAl;/Ti interface, indicating that Al atoms hardly
exist in Ti solid solution. This could be attributed to
the low diffusion coefficients of Al in Ti solid
solution and Ti in Al solid solution [16,17], and the
low solubility of Ti in Al solid solution [18].

The XRD patterns of the Ti/Al laminated
composites annealed at 525, 575, 600 and 625 °C
for 64 h are shown in Fig. 2. It can be seen from
Figs. 2(a) and (b) that the XRD patterns of the Ti/Al
laminated composites annealed at 525 and 575 °C
are similar, and from which the TiAl;(1) phase is
identified. The TiAlz(1) phase is a low-temperature
modification of TiAl; phase and has a tetragonal
crystal structure (Pearson symbol ¢/32, space groups
14/mmm, lattice parameters a=b=0.3877 nm, c/8=
0.4229 nm, a=p=y=90°). However, from the
diffraction patterns of the Ti/Al laminated
composites annealed at 600 and 625 °C (Figs. 2(c)
and (d)), a mixture of TiAl;(1) and TiAl;(h) phases
is identified. The TiAls;(h) phase is a high-
temperature modification of TiAl; phase and has a
tetragonal crystal structure (Pearson symbol #/8,
space  groups [4/mmm, lattice parameters
a=b=0.3849 nm, ¢/2=0.4305 nm, a=£=y=90°). The
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reason for the existence of TiAls(h) is that the
TiAl;(1)—>TiAlz(h) polycrystalline transformation
occurs at the annealing temperatures above
600 °C [18—20]. The XRD intensity reveals that the
interfacial layer in the Ti/Al laminated composites
annealed at 625 °C is mainly TiAlz(h) phase, but
both the TiAl;(1) and TiAl;(h) phases occupy a large
proportion in the interface layer of the Ti/Al
laminated composites annealed at 600 °C.

The EBSD orientation map of the Ti/Al
laminated composites annealed at 625 °C for 64 h is
shown in Fig. 3, which shows some shadow effects
resulting in black non-indexed regions as the
electropolishing rate is different for different
phases. As shown in Fig. 3, the grain sizes of Ti and
Al are very coarse, and there is a tri-modal TiAl;
grain structure between Ti and Al, which consists of
Regions 4, B and C. Region 4 is located at or near
the Ti/TiAl; interface, in which the TiAl; phase
exhibits fine equiaxed grain structure with an
average size of several hundred nanometers. Region
B is located at the middle of the interfacial layer, in
which TiAl; phase exhibits an equiaxed grain
structure with an average size of 1-2 um. The size
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Fig. 2 XRD patterns of cold-rolled Ti/Al laminated composites annealed under different conditions: (a) 525 °C, 64 h;

(b) 575 °C, 64 h; (c) 600 °C, 64 h; (d) 625 °C, 64 h
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Fig. 3 EBSD orientation map of cold-rolled Ti/Al laminated composites annealed at 625 °C for 64 h

distribution of TiAl; grains is uniform in most areas
of Region B except that some TiAl; grains near the
Al side are columnar. Region C is located at or near
the Al/TiAl; interface, in which most of the TiAl
particles exhibit coarse equiaxed grains with an
average size of 3—4 um, and a small part of the
TiAl; particles exhibit columnar grains. In addition,
the TiAl; grain orientation in Region C is different
from that in Region B. The tri-modal TiAl; grain
structure in this experiment is like that in the
experiments of THIYANESHWARAN et al [21].
The results in Ref. [21] show that Region A consists
of the newly fine TiAl; grains formed at the
Ti/TiAls interface; Region B consists of the already
present TiAl; grains which shift towards the Al side
due to the growth of new TiAl; grains at or near the
Ti/TiAl; interface, and the closer the TiAl; grains
are to the Al side, the longer the annealing time is;
Region C consists of the TiAl; grains formed at the
Al/TiAl; interface.

Figure 4 shows the EBSD orientation maps of
the central region of the interfacial layer in
cold-rolled Ti/Al laminated composites annealed
under different conditions. In Fig. 4, the TiAls
grains on the lower side of the EBSD orientation
maps are closer to the Ti/TiAl; interface than those
on the upper side. After annealing at 625 °C for 4 h
(Fig. 4(a)), the size of most TiAl; grains in the
EBSD orientation map of the central region is
1-2 pm, while the size of a small amount of TiAl;

o A PR e B

grains increases to 3—4 pm. After annealing at
625 °C for 32 and 128 h (Figs. 4(b) and (c)),
the size of TiAl; grains increases slightly with
increasing annealing time. After annealing at
575 °C for 32 h (Fig. 4(d)), the size of most TiAl;
grains is several hundreds of nanometers, and the
size of a small amount of TiAl; grains is 1-2 pm.
After annealing at 575 °C for 128 h (Fig. 4(e)), the
size of TiAl; grains increases slightly compared
with that of the TiAl; grains annealed at 575 °C for
32 h. As shown in Fig. 4(f), the size of the TiAl;
grains annealed at 525 °C for 128 h is smaller than
that annealed at 575 °C for 128 h, whilst the size of
almost all TiAl; grains is below 500 nm. In general,
the grain size of TiAl; phase increases with the
increase of annealing temperature and the
prolongation of annealing time, but compared with
the annealing temperature, the effect of annealing
time on the TiAl; grain size is smaller.

3.2 Growth kinetics of TiAl; layer at Ti/Al

interface

The average thicknesses of the TiAl; layer
in the Ti/Al laminated composites annealed at
525-625 °C for different time are shown in Table 2.
The TiAl; layer thicknesses increase with increasing
annealing time at different annealing temperatures.
In the temperature range of 525-600 °C, the TiAl;
layer thickness increases with increasing annealing
temperature for the same annealing time. However,
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Fig. 4 EBSD orientation maps of central region of interfacial layer in cold-rolled Ti/Al laminated composites annealed
under different conditions: (a) 625 °C, 4 h; (b) 625 °C, 32 h; (c¢) 625 °C, 128 h; (d) 575 °C, 32 h; (e) 575 °C, 128 h;

(f) 525 °C, 128 h

in the time range of 8—128 h at 625 °C, the TiAl;s
layer thicknesses are even slightly smaller than
those annealed at 600 °C for the same annealing
time.

At a given temperature, the annealing time-
dependent TiAl; layer thickness (x) can be described
by the following empirical relationship [22]:

x"=K(t=to) (M

where K is the rate constant, ¢ is the annealing time,
ty is the incubation time, and » is the kinetic
exponent. There are four possible values for n:
1, 0.5-1, 0.5 and <0.5. The first value is for the

growth governed by chemical reaction, the second
value is for the growth governed by the
combination of chemical reaction and diffusion, the
third value is for the growth governed by volume
diffusion or the combination of volume diffusion
and grain boundary diffusion with grain size
remaining unchanged, and the last value is for the
growth governed by the combination of volume
diffusion and grain boundary diffusion with grain
size increasing [23].

Because the TiAl; phase nucleates rapidly at
the Ti/Al interface during annealing at 525-625 °C
(see Fig. 1(b)), the incubation time ¢, can be set to
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Table 2 Experimental data of average thickness of TiAl;
interfacial layer under different annealing conditions

TiAl; layer thickness/pm

Time/h

525°C 550°C 575°C 600°C 625°C

1/12 - - - - 2.01

1/6 - - - 2.31 3.97
1/2 - - - 6.88 13.29
1 - 2.32 3.80 1475 22.83
2 1.46 5.39 10.32 2323 3353
4 2.75 11.56 18.12 46.03 53.68
8 576  24.05 33.15 72.09 71.86
16 10.52 46.84 7033 97.40 99.27
24 16.32  66.64 8221 118.02 119.21
32 25.06 81.93 99.22 130.48 132.04
48 41.62 10044 13392 150.06 147.99
64 53.14 125.83 156.04 177.04 172.39
96 76.75 15448 187.91 204.97 203.39
128 96.15 191.24 214.84 227.88 220.05

be zero. The double logarithmic curves of the TiAl;
layer thickness versus annealing time are shown in
Fig. 5. Linear regression analysis shows that n=1.04
at 525 °C in the time period of 0—128 h (Fig. 5(a)),
which proves that this process is mainly governed
by chemical reaction. However, the growth of the
TiAl; layer can be divided into two stages at other
annealing temperatures. At the first stage, the values
of n are determined as 1.03, 1.01, 0.93 and 1.01 for
the time periods of 0—32, 0—16, 0—4 and 0—1 h at
550, 575, 600 and 625 °C, respectively (Fig.5(a)),
which indicates that these processes are mainly
governed by chemical reaction. At the second stage,
the values of n are determined as 0.61, 0.56, 0.45
and 0.46 for the time periods of 32—128, 16—128,
4-128 and 1-128 h at 550, 575, 600 and 625 °C,
respectively (Fig. 5(b)), which proves that these
processes are mainly governed by diffusion. For the
sake of simplicity, the transitional stages from the
chemical reaction-controlled growth to the diffusion-
controlled growth at different temperatures are
neglected. The thickness corresponding to the
transition from the chemical reaction growth stage
to the diffusion growth stage can be defined as the
critical thickness x¢,. As shown in Fig. 5, the values
of xcr are found to be 81.93, 70.33, 46.03 and
22.83 um at 550, 575, 600 and 625 °C, respectively.
Due to the large time interval between different

measurement values, the values of xc obtained
from Fig. 5 are only approximately to the actual
critical thickness values. The critical thickness
decreases with increasing annealing temperature,
which is consistent with the results in Ref. [24].
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Fig. 5 Plots of Inx versus In¢ at different annealing
temperatures: (a) At reaction-controlled growth stage;
(b) At diffusion-controlled growth stage

It should be noted that at the diffusion-
controlled growth stage, the deviation of the n value
from 0.5 at 550 and 575 °C is greater than that at
600 and 625 °C. This can be attributed to the fact
that the time to form the critical thickness xc, for the
chemical reaction-controlled growth is different
from that for the diffusion-controlled growth, as
shown in Fig. 6 (the dashed line represents a
hypothetical diffusion-controlled growth). Hence,
when Eq. (1) is used to calculate the value of n for
the diffusion-controlled growth, a deviation will be
prone to occur if the time period of the chemical
reaction-controlled stage takes a larger proportion
of the total annealing time. If it is assumed that the
time difference between the chemical reaction-
controlled growth and the diffusion-controlled
growth to form the same critical thickness xc; is the
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hypothetical incubation time of diffusion-
controlled growth, based on Eq. (1), the incubation
time ¢, can be calculated by the following equation:

2
x; (6,—)
h=h—— 5 @)
X5 =X;

where x; and x; are the TiAl; layer thicknesses at
annealing time #; and ¢, respectively. To calculate
the value of ¢, at 550 °C, the value of # is set to be
32h, and t, is set to be 64, 96 and 128 h,
respectively. To calculate the value of ¢, at 575 °C,
the value of #,1s set to be 16 h, and ¢, is set to be 48,
64, 96 and 128 h, respectively. Using Eq. (2), the
average values of ¢, are determined to be 8.6 and
3.3h for 550 and 575°C, respectively. If the
incubation time f, is considered at 550 and 575 °C,
the values of n at the diffusion-controlled growth
stage are determined to be 0.52 and 0.51 for 550
and 575 °C, respectively. The reason why the
calculated values of n are less than 0.5 at 600 and
625 °C may be that the TiAl; grains grow slowly
with annealing time. If the data in the time period of
0—64 h are used, the values of n are calculated as
0.47 and 0.48 for temperatures from 600 to 650 °C,
respectively, which are closer to 0.5.

At the chemical reaction-controlled growth
stage, the relationship between the thickness of the

TiAl; layer and annealing time is shown in Fig. 7(a).

Through linear regression analysis, the chemical
reaction rate constants K. are determined to be
2.17x107", 7.29x107", 1.21x107°, 3.10x10”° and
6.36x10°m/s at 525, 550, 575, 600 and 625 °C,
respectively. At the diffusion-controlled growth
stage, the relationship between the square of the
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Fig. 7 Relationships of TiAl; layer thickness and
annealing time at different annealing temperatures:
(a) At chemical reaction-controlled growth stage; (b) At
diffusion-controlled growth stage

TiAl; layer thickness and annealing time is shown
in Fig. 7(b). By using linear regression analysis, the
diffusion growth rate constants Ky are determined
to be 8.58x107, 1.05x107"°, 1.29x107" and
1.26x10"° m%*s at 550, 575, 600 and 625 °C,
respectively. Here, only the TiAl; layer thicknesses
in the time period of 0—64 h are used for 600 and
625 °C, respectively. Both K. and Ky obey the
Arrhenius formula as follows [23]:

Kc: cOeXp[_Qc/(RT)] (3)
K=Kqexp[~Qd/(RT)] “

where K, and Ky, are the pre-exponential factors
for the chemical reaction-controlled growth and the
diffusion-controlled growth, respectively; Q. and Q4
are the activation energies for the chemical reaction-
controlled growth and the diffusion-controlled growth,
respectively; R is the gas constant, and R=
8.314 J/(mol-K); T is the thermodynamic temperature.
The values of K., K40, Oc and Qq4 can be obtained by
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the plots of In K. and In K4 versus the reciprocal of
temperature 1/7 for the TiAl; layer growth, as
shown in Fig.8  Through linear regression
analysis, the values of K, and Q. are determined
to be 1.57x10° m/s and 195.75 kJ/mol, respectively
(Fig. 8(a)). The values of K49 and Q4 are determined to
be 1.22x10™"' m?%s and 33.69 kJ/mol, respectively

(Fig. 8(b)).

3.3 TiAl; phase formation mechanism in cold-
rolled laminated composites during annealing
According to the Ti—Al binary alloy phase

diagram in Fig. 9(a) [20], when the Ti/Al diffusion

couples are annealed in the temperature range of
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525-625 °C, four intermetallic compounds, Ti;Al,
TiAl, TiAl, and TiAl;, should be formed
theoretically. However, it is found that only the
TiAl; phase was formed at the Ti/Al interface in the
present work. The absence of other phases is
determined by both thermodynamic and kinetic
factors. Compared with other Ti—Al intermetallic
compounds, the TiAl; phase nucleates firstly at the
Ti/Al interface due to its lowest effective formation
heat [22] and lowest interfacial energy increase [25].
In addition, because the interdiffusion coefficient of
the TiAl; phase is much larger than those of other
Ti—Al intermetallic compounds, the growth of the
latter is suppressed. Therefore, other intermetallic
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Fig. 8 Plot of In K, versus 7' for TiAl; layer at chemical reaction-controlled growth stage and plot of In K, versus T~

for TiAl; layer at diffusion-controlled growth stage

(@) u i o 73 ! (b)
yg .. T . i [
: b i
M Lo
ceg Cﬂyé\\i\o
B2 e
-
o e i
X |
+~ | |
3 |
< |
I |
l:OI | 0
I I
P
| I
, pa Pl
4 g i
E 0 'Ka
= a0 \
o ud 1 LN -
SO O OO OO OO O )
SSSSSSSSSSSS L2 0 e *
O WInNTNAN — OO0 \0O
e p— p— p— p— p— p— p—
Temperature/°C

Fig. 9 Ti—Al binary
phases (b)

alloy phase diagram [20] (a) and schematic diagram of Al concentration profile in a, f and y



Jian-yu ZHANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 524-539 533

compounds will not appear until the TiAl; phase
grows to a particular thickness [26].

The TiAl; phase formation mechanism in
cold-rolled laminated composites during annealing
is described as follows. When the Ti/Al laminated
composites are annealed at a given temperature 7,
the interdiffusion between Ti and Al occurs, the
Al-rich and Ti-rich solid solution phases are
generated. When the penetration depth of Ti in Al
solid solution or Al in Ti solid solution reaches
a nanometer-scale thickness, the TiAl; phase
precipitates from the supersaturated solid solution
and a continuous TiAl; layer is formed at the Ti/Al
interface. The formation of the TiAl; phase obeys
the following chemical reactions [27]:

Ti(surface)+3 Al(diffusing)=TiAl; %)
Ti(diffusing)+3 Al(surface)=TiAl; (6)

With increasing the annealing time, the TiAl;
phase thickens in the direction perpendicular to
the Ti/Al interface. When the Ti/Al laminated
composites are annealed for a particular time ¢, the
Al concentration profiles across all phases along the
diffusion direction are shown in Fig. 9(b). In this
figure, the ordinate indicates the composition ¢ of
element Al; the abscissa shows the distance x; the
vertical dot-dashed line at x=0 shows the initial
position of the y/a interface before annealing and
the solid lines show the concentration profiles after
annealing for a particular time; the variables a,
and y represent the terminal solid solution phase of
Ti(Al), TiAl; phase, and the terminal solid solution
phase of Al(Ti), respectively; 2 and 2’ indicate the
migration distances of y/f and f/a interfaces from
the initial interface position after annealing,
respectively; ¢’® and ¢ are the initial concentrations
of y and a phases, respectively; ¢ and ¢” are the
concentrations of § and y phases at the y/f interface,
respectively; ¢ and ¢ are the concentrations of «
and f phases at the o/f interface, respectively; Cfg
and cﬁ are the equilibrium concentrations of the £
phase at the y/f and o/f interfaces, respectively.

Because Al atoms hardly exist in Ti solid
solution and Ti atoms hardly exist in Al solid
solution, the diffusion fluxes in the o and y phases
are negligible. The a/f and y/f interfaces can be
considered as pure Al/TiAl; and Ti/TiAl; interfaces
and symbols ¢* and ¢ can be replaced by ¢* and
¢”, respectively. Furthermore, for simplicity, the
interdiffusion coefficient Dy is assumed to be

constant at the initial and second growth stages,
which is reasonable because the TiAl; grain size
increases very slowly with increasing annealing
time. At the reaction-controlled growth stage, the
relationship between the thickness of the TiAl;
phase and annealing time can be expressed by the
following equation [28]:

e c—c”r

_cijo +Kﬁ7c—ce;°)t:Kct (7)

C
P _ By — ( Kﬂa
C

where Kjp, and Kj, are the reaction rate constants
at the ao/f and y/f interfaces, respectively; the
concentration c=c”=¢”, and can be described by
the following equation:

B B
_ Ky, el +Kgeld

c
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Equations (7) and (8) show that the growth
rate is dominated by the chemical reaction rate
constants K, and Kj,. At the diffusion-controlled
growth stage, the relationship between the thickness
of the TiAl; phase and annealing time can be
expressed by the following equation:

(7 =27)} =2Dy () - )
1 1

( Po _ a0 - By
Ceq C Ceq

) =K ©)

Equation (9) shows that the growth rate is
dominated by the interdiffusion coefficient Dy
because the values of ¢*, Cfg , cf and ¢’ remain
almost unchanged at different annealing
temperatures.

In the above model, the concentration of Al is
described in mol per unit volume. However, the
molar fraction of Al (y) is used to express the
composition of each phase in the Ti—Al binary alloy
phase diagram. The molar fraction y can be
converted into the concentration ¢ by the equation
c=y/Vyn, where V,, is the molar volume of the
relevant phase. The molar volumes of Ti, Al,
and TiAl; are 10.6, 10.0, and 9.6 cm’/mol,
respectively [29]. Because the differences among
the molar volumes of Ti, Al, and TiAl; are
negligible, the molar concentrations ¢, cfci' , cfcf ,
and ¢’ can be replaced with the molar fractions y™,
yeﬂqy , yfqa , and ", respectively. In addition, the
homogeneity range of the TiAl; phase
(Ay’/j = yfg - ygf ) is narrow and roughly equal to
0.8 at.% [20], hence, Eq. (9) can be replaced by the
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following equation:
(=" =2y =2D, (Vi - Vi)

yaO _ yyO

O =y 0" =)
where y” represents the average Al molar fraction of
the TiAl; phase.

t=K,t (10)

3.4 Comparison and discussion on TiAl; phase

growth Kkinetics in different studies

The experimental results of the growth kinetics
of the TiAl; phase in different studies are
summarized in Table 3. Except for the experimental
results obtained by the present authors and
FOADIAN et al [10], other studies found only the
chemical reaction-controlled growth or diffusion-
controlled growth for the TiAl; phase. This is
mainly because other studies used different methods
and raw materials to prepare the diffusion couple,
which resulted in different critical time for the
transition from the reaction-controlled growth to the
diffusion-controlled growth. Moreover, they only
conducted the experiment at one of the two growth
stages. This also explains why only the chemical
reaction-controlled growth mechanism of the TiAl;
phase exists at 525 °C in the time range of 0—128 h
in this work.

As shown in Table 3, the chemical reaction
activation energy obtained in the present work
(195.75 kJ/mol) is approximate to that obtained by
LOO and RIECK (179.5 kJ/mol) [24], and less than
that obtained by XU et al (295.8 kJ/mol) [22].
Figure 10 shows the relationships between the
chemical reaction rate constant and annealing
temperature obtained by different researchers. It can
be seen from Fig. 10 that the reaction rate constants
at different temperatures in the present work are
much larger than those in other works, which can
be attributed to different Ti/Al diffusion couple
preparation methods. In this study, the Ti/Al
diffusion couples were prepared by cold rolling, the
oxide films of Ti and Al, which were mainly TiO,
and Al,Os, were thin owing to the lower processing
temperature, and Ti and Al were bonded with fresh
surfaces because the pressure caused thin oxide
films to disperse fully at the Ti/Al interface [30]. In
contrast, XU et al [22] and LOO and RIECK [24]
prepared the Ti/Al diffusion couples by diffusion
welding and hot dipping, respectively, the thicker
oxide films can be formed easily at the Ti/Al
interface owing to the higher processing
temperature. The oxide films can hinder the TiAl;
phase nucleation at the interface [31]. Furthermore,
it is difficult for Ti and Al atoms to diffuse through

Table 3 Comparison of TiAl; phase growth kinetics in different studies

Diffusion couple Temp:’: éature/ Ti;l:e/ n iz(())//((rrilfs:’)l )ovr (l%c -(r); OQl,dl/ ) Source
99.6 wt.% Ti/99.5 wt.% Al 525-625 1/12-1 1 1.57x10° 195.75 V{f)‘i
99.6 wt.% Ti/99.0 wt.% Al 650 0.5-2 1 —~ —~ (7]
99.9 wt.% Ti/99.6 wt.% Al 570630 1-12.8  0.63-0.93 1.47x10** 232.1 [10]
99.5 wt.% Ti/99.5 wt.% Al 600650 1-4 1 1.2x10°% 295.8 [22]
99.7 wt.% Ti/99.99 wt.% Al 580-640 2-20 1 3.95 179.50 [24]
99 wt.% Ti/99.9 wt.% Al 560—630 6-46 0.5 27.394 260.87%  [13]
98.7 wt.% Ti/99.2 wt.% Al 500-630 1-25 0.5 3.5 237 [12]
98.0 wt.% Ti/9.99 wt.% Al 530-630 1-4 0.5 2.28x107 105.1 (8]
TiA1/9.99 wt.% Al 516640 2-25 0.5 1.30x107’ 95.0 [24]
99.5 wt.% Ti/99.99 wt.% Al 540—650 4-64 0.5 1.96x10 "4 33.8 [15]
99.9 wt.% Ti/99.6 wt.% Al 570-630 12.8-260  0.31-0.56 - 17.4 [10]
99.6 wt.% Ti/99.5 wt.% Al 550625 1-64 0.5 1.22x107" 33.69 vg‘i

YThe symbol is K. when n=1, and Ks when n=0.5. *Because the annealing time is different at different annealing temperatures, the
annealing time at the highest annealing temperature in these studies is adopted uniformly. *This value is recalculated using Eqs. (1) and (3)
based on the reaction rate constants in the temperature range of 570630 °C in Ref. [10]. “These values are recalculated using Egs. (1) and
(4) based on the TiAl; phase thicknesses in Refs. [13] and [15], respectively
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the oxide films [32,33]. Therefore, the TiAl; phase
growth in the experiments by XU et al [22] and
LOO and RIECK [24] may be controlled by oxide
films at the initial linear growth stage.

Some studies considered that the growth of the
TiAl; phase is controlled by volume diffusion
because the value of n is equal to 0.5. In fact, the
value of n also equals 0.5 for the volume and grain
boundary mixed diffusion-controlled growth when
the grain size of the TiAl; phase remains unchanged
with annealing time. If the annealing temperature is
high and the time is long, the n value deviates from
0.5 because the grain size of the TiAl; phase
increases gradually, which can be observed in the
present work and the work of FOADIAN et al [10].
Furthermore, we note from Table 3 that the
diffusion activation energies and diffusion growth
rate constants in different studies vary significantly
in the case of n=0.5, suggesting that the TiAl; phase
growth is dominated by the volume and grain
boundary mixed diffusion, or even grain boundary
diffusion alone.

The diffusion growth rate constant K4 is not a
material constant but varies with the compositions
of the end-members of the diffusion couple [34].
Hence, it is necessary to convert the diffusion
growth rate constants of the TiAl; phase in different
studies to the effective diffusion coefficients of the
TiAl; phase, and then compare these effective
diffusion coefficients with each other. By
rearranging Eq. (10), the effective diffusion
coefficient of the polycrystalline TiAl; phase Dy
can be obtained by the following equation:

b 0=y -y K,

B yyO _yaO 2Ayﬂ

)

Because the grain size of the TiAl; phase is on
the micron or sub-micron scale and the ratio of the
highest annealing temperature in this experiment
(898 K) to the melting point of the TiAl; phase Tp,
(1613 K) is merely 0.56, both the volume and grain
boundary diffusions in TiAl; phase should be
considered in the present work [35]. The volume
and grain boundary diffusion coefficients of the
TiAl; phase can be expressed by the Arrhenius
formula as follows, respectively [36]:

D, =D, exp[~0,/(RT)] (12)
Dy, = Do €xp[~Q0, /(RT)] (13)

where D, and D,, are the volume and grain
boundary diffusion coefficients, respectively, m?/s;
Dy and Dy, are the pre-exponential factors,
respectively, m*/s; O, and Qg are the activation
energies, respectively, kJ/mol. Usually Qx~0.50,
for the face-centered cubic structure metals. The
effective diffusion coefficient of the polycrystalline
TiAl; phase Dy can be calculated as the combination
of volume and grain boundary diffusion coefficients
by the following equation [23]:

qo
D/j 27 ng +D, (14)

where ¢ is a numerical factor depending on the
grain shape with ¢=3 for equiaxed grains and g=1
for columnar grains; ¢ is the grain boundary width,
which is approximately equal to 0.5 nm; d is the
grain size. Dy also follows the Arrhenius formula:

Dy =Dy exp[-Qy/(RT)] (15)

where Dy and Oy are the pre-exponential factor
and the effective diffusion activation energy,
respectively.

Because 1™, 1", y#, and Ay” remain unchanged
in the temperature range of 525-625 °C, Eq. (11)
shows that the effective diffusion coefficient Dy is
proportional to the diffusion growth rate constant Ky
and the diffusion growth activation energy Qy is
equal to the effective diffusion activation energy Q.
In addition, it can be seen from Eqgs. (11)—(15) that
the effective diffusion activation energy Qpand the
effective diffusion coefficient Dy have different
values due to different relative contributions of the



536 Jian-yu ZHANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 524-539

grain boundary diffusion coefficient Dg, and
volume diffusion coefficient D,. For instance, if
D>>qoDg/d in the annealing temperature range,
the TiAl; phase growth is governed by volume
diffusion, the effective diffusion activation energy
Op 1s approximate to the volume diffusion
activation energy (, and the effective diffusion
coefficient Dy is small. However, if gdDg/d>>D, in
the annealing temperature range, the growth of the
TiAl; phase is governed by grain boundary
diffusion, the effective diffusion coefficient Dy is
large and the effective diffusion activation energy
Oy depends mainly on the grain boundary diffusion
activation energy Oy, and grain size d. For grain
boundary diffusion, if d remains unchanged
with the increase of annealing temperature, then
Os=0Og; if d increases with increasing annealing
temperature, then Os<Q,,, and the larger the change
of the grain size d with annealing temperature, the
smaller the effective diffusion activation energy Q.

When the effective diffusion coefficient Dy is
calculated from the data in Table 3, for simplicity,
the Ti and Al alloys with different impurities in
these diffusion couples are replaced by pure Ti and
pure Al, respectively, and the Al molar fractions in
the TiAl phase and TiAl; phase are set to be 0.5 and
0.75, respectively. The relationship between the
calculated natural logarithm value of D; and the
reciprocal of temperature is shown in Fig. 11, which
shows that the effective diffusion coefficients and
effective diffusion activation energies of the TiAlz
phase can be divided into two groups. The
calculated results in Group I are obtained from
the experiments in Refs.[12,13], which are
characterized by a smaller effective diffusion
coefficient and a Ilarger effective diffusion
activation energy. The calculated results in Group II
are obtained from the experiments in Refs. [8,15,24]
and this study, which are characterized by a larger
effective diffusion coefficient and a smaller
effective diffusion activation energy.

The tetragonal crystal structure of the TiAls(1)
phase can be regarded as the deformed face-
centered cubic structure of Al (¢=0.4049 nm) with
an elongation of 4.4% along the ¢ direction and a
contraction of 4.2% along the a and b directions,
respectively. Similarly, the tetragonal crystal
structure of the TiAl;(h) phase can be regarded
as the deformed face-centered cubic structure of
Al with an elongation of 4.4% along the ¢ direction

-26
-28 | EE}
= { Group 11
{jé =30} Groupl
S\m
=
_32 -
® Ref. [13] e Ref. [12]
4 Ref. [8] v Ref. [24]
—34 | ¢ Ref. [15] < This work
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T7/1073K™
Fig. 11 Plot of In Dy versus 7'
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and a contraction of 4.9% along the a and b
directions, respectively. Hence, the volume
diffusion in the TiAl; phase can be considered as
the first-order approximation of diffusion in the
close-packed face-centered cubic lattices. For the
face-centered cubic metals self-diffusing via
vacancy mechanism, the following empirical
formula exists between the melting point 7}, and the
volume diffusion activation energy Q, [29]:

% ~146.5 J/K (16)

m

According to Eq. (16), the theoretical volume
diffusion activation energy of the TiAl; phase is
found to be 236.30 kJ/mol, which is very close to
the diffusion growth activation energy obtained
by NONAKA et al (237 kJ/mol) [12] and slightly
smaller than that obtained by SUN et al
(260.87 kJ/mol) [13]. Therefore, it can be inferred
that the growth of the TiAl; phase is mainly
controlled by volume diffusion in the experiments
by NONAKA et al [12] and SUN et al [13].

It can be seen from Fig. 11 that the effective
diffusion coefficients in Group Il are approximate
to each other in the temperature range of
550—-625 °C, which are 64.1-184.5, 32.7-69.3,
17.4-27.6, and 9.2—14.0 times of those obtained by
SUN et al [13] at 550, 575, 600, and 625 °C,
respectively. At the diffusion-controlled growth
stage, the effective diffusion coefficient and growth
rate constant of the TiAl; phase can be affected by
the impurity elements besides the shape and size of
TiAl; grains. For example, NONAKA et al [12]
found that the growth rate constant of TiAl; phase
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in the Ti/Al diffusion couple with 5 at.% O on the
Ti side is 0.41—0.56 times of that in the Ti/Al
diffusion couple containing 0.35 at.% O on the Ti
side. They considered that the aluminum oxide
formed at the Al/TiAl; interface prevents the growth
of the TiAl; phase. TARDY and TU [29] annealed
the Ti/Al and Ti/(Al-0.25at.%Cu) diffusion couples
at 400 °C for 3 h and found that the TiAl; layer
thicknesses were 208 and 130 nm for Ti/Al and
Ti/(Al-0.25at.%Cu) diffusion couples, respectively.
They considered that the reason why the addition of
0.25 at.% Cu to Al retarded the diffusion-controlled
growth of the TiAl; phase is that the higher
activation energy is needed to break Ti atoms away
from Cu atoms owing to the strong binding energy
between Ti and Cu atoms. The Ti/Al diffusion
couple prepared by SUN et al [13] has 0.63 wt.% Si
and 0.18 wt.% O (0.54 at.%) on the Ti side and
0.096 wt.% Si and 0.21 wt.% O (0.63 at.%) on the
Al side. The Ti/Al diffusion couple prepared by
NONAKA et al [12] has 0.2 wt.% Mg, 0.15 wt.%
Fe, 0.27 wt.% Si and 0.11 wt.% Mn on the Al side,
and 0.047 wt.% Fe and 0.117 wt.% O (0.35 at.%)
on the Ti side. There is little oxygen on the Ti and
Al sides of both the Ti/Al diffusion couples
prepared by SUN et al [13] and NONAKA
et al [12]. In addition, the contents of oxygen in the
Ti/Al diffusion couples in Group II are close to
those in Group I, so the differences in oxygen
content could not account for the effective diffusion
coefficients in Group II being much larger than
those in Group I. A small amount of other impurity
elements in the Ti/Al diffusion couples have also
little effect on the effective diffusion coefficient of
the TiAl; phase because the atomic radius and
electronegativity of these impurity elements are
approximate to those of Al and Ti, which was
confirmed by previous studies [15,24]. Based on the
above analysis, we concluded the fact that the
effective diffusion coefficients in Group II are much
larger than those in Group I can be mainly
attributed to the growth of the TiAl; phase in Group
II being dominated by grain boundary diffusion.
The effective diffusion activation energies
obtained by SHIMOZAKI et al [15] and this study
were 33.8 and 33.69 kJ/mol, respectively, which are
much smaller than the theoretical grain boundary
diffusion coefficient Oy, (118.15 kJ/mol in the case
of 0x=0.50,). SHIMOZAKI et al [15] suggested
that the low growth activation energy was due to

two possible growth mechanisms of the TiAl; phase
in the annealing temperature range of 540—650 °C.
One is grain boundary diffusion- controlled growth
at high temperature, and the other is oxide
film-controlled growth at low temperature.
However, in the present study, the influence of the
oxide films was eliminated as Ti and Al were
bonded with fresh surfaces. Therefore, we believed
that the growth of the TiAl; phase is mainly
controlled by grain boundary diffusion during
annealing at 525—625 °C. We further suggested that
the low effective diffusion activation energy is
caused by the grain size increase of the TiAl; phase
with an increase of annealing temperature, which
causes the negative effect from the growth of TiAl;
grains partly counteracting the positive effect from
annealing temperature on the diffusion coefficient
of the TiAl; phase. The effective diffusion
activation energies obtained by KRAL et al [8] and
LOO and RIECH [24] are 105.1 and 95.0 kJ/mol,
respectively, which are approximate to the
theoretical grain boundary diffusion energy of the
TiAl; phase and could be attributed to the smaller
change in grain size with increasing annealing
temperature.

4 Conclusions

(1) Only one intermetallic compound TiAl;
phase is formed at the Ti/Al interface, and the TiAl;
phase exhibits fine equiaxed grains with average
sizes ranging from a few hundred nanometers to a
few microns. The average grain size of the TiAls
phase increases with the increase of annealing
temperature and/or annealing time, but the effect of
annealing temperature on the average grain size
is far greater than that of annealing time.

(2) The TiAl; phase growth can be divided into
two stages. At the initial annealing stage, n=1.0, the
TiAl; phase growth is governed by chemical
reaction with a reaction activation energy of
195.75 kJ/mol. At the second stage, n=0.5, the
growth of the TiAl; phase is governed by diffusion
with a diffusion growth activation energy of
33.69 kJ/mol. The higher the annealing temperature,
the smaller the critical thickness corresponding to
the transition from chemical reaction-controlled
growth to diffusion-controlled growth.

(3) At the reaction-controlled growth stage,
since Ti and Al are bonded with fresh surfaces, the
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chemical reaction rate constant of the TiAl; phase in
Ti/Al laminated composites prepared by cold
rolling is far larger than those prepared by other
methods in which oxide films exist at the Ti/Al
interface. At the diffusion-controlled growth stage,
the growth of the TiAl; phase is determined by the
effective diffusion coefficient of the TiAl; phase
which is mainly attributed to the grain boundary
diffusion owing to the smaller TiAl; grain size.
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AL TI/AL BIRE AHRF TiAlL 1
ER NIRRT RANIER A K

REF, EHIEY, B, BAER, BEF, FAFE

L AL TR RS MU S A% AR

i, HEEE 056038;

2. L LAR RS LA R Db S8R E S sLIe =, RS 056038

. KA TVAL ERE GMEHE 525~625 °C VG NIR K 0~128 h, FXTE A PRI S B 2H 23
AT . SEREW, NEEELEY TiAL ABE TVAL FHTER, KZH TiAL SR/ NSRS, HPER
ST AR BEOOK,  ELIE IR R AN/ BR K ) 3 B, R QR SRR S RS2 KT IR K T
HISEIA o TiAly FH A KT 23 AT AN B : ZERTARRY B, TiAls AHFIAE A& B AL 2 B3 1], [ B B9E g A 195.75 kl/mol,
P4k, T AL R TVAL ZIRE ARG PR 5 F R T 45 &, TiAL AR R RSERHBORRs 1258 =
B, TiAL A K i d B s, 1 HOMIE RSN 33.69 kI/mol, F4h, 1T TiAlL M SRR S 4/, TiAL AHS

A AR R O R T R

KR TVAL EREGHEL 1BAG AR TIALAH; TERALEE
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