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Abstract

Solid-state reactive diffusion between Ti and Al was investigated in the temperature range of 520-650 °C by employing multi-laminated Ti/Al
diffusion couples. In samples annealed up to 150 h intermetallic TiAl; is the only phase observed in the diffusion zone and the preferential formation
of this compound in Ti/Al diffusion couples was predicted using an effective heat of formation model. The present work indicated that both Ti
and Al diffused into each other and the growth of the TiAls layers occurred mainly towards the Al side. The TiAl; growth changes from parabolic
to linear kinetics between 575 and 600 °C, characterized by activation energy of 33.2 and 295.8 kJ mol~!, respectively. It is suggested that the
low-temperature kinetics is dominated by the diffusion of Ti atoms along the grain boundaries of the TiAl; layers, while the reaction at the TiAl;/Al
interfaces in the high-temperature regime is limited by the diffusion of Ti atoms in the Al foils as a result of increased solubility of Ti in Al with

increasing temperature.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recently Ti-TiAlz metal-intermetallic laminate (MIL) com-
posites have received growing attention because they have poten-
tial application in honeycomb or sandwich components of air-
planes [1-3]. Ti-TiAl; MIL system can be more economical
than monolithic titanium due to the use of relatively cheap
aluminum foils in fabricating the composites. Of the available
processing techniques, diffusion bonding of elemental titanium
and aluminum foils is an effective low-temperature method to
synthesize the composite, allowing growth of the intermetallic
layer while both reactant materials (Ti and Al foils) are in the
solid state [4]. So far Luo and Acoff [5,6] have used the tech-
nology to develop titanium aluminides by cold-roll bonding of
multi-laminated Ti/Al foils followed by reactive diffusion above
the melting point of aluminum. Most previous investigations
however focused on the fabrication method of the composites
and microstructural evolution of multilayered Ti/Al sheet. Few
studies systemically dealt with mechanism and kinetics of the
intermetallic layer growth during solid-state reaction and the
reported data such as kinetic exponent and activation energy
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vary widely among different work in the temperature range of
500-640°C [7-9].

The current understanding of diffusion process in the Ti—Al
system is very incomplete. As far as interdiffusion is concerned
the marker experiment conducted by van Loo and Rieck [7]
suggested that Al is the only diffusing component in diffusion
couples. Although this result was used to interpret TiAl; growth
in several subsequent investigations [4,8], it should be noted that
the marker experiment reported by van Loo and Rieck [7] was
performed on a Ti—10 wt.% Al/Al diffusion couple and diffusion
experiment using couples made from pure Ti gave “abnormal”
result. On the other hand, Luo and Acoff [5] suggested that
diffusion of Ti atoms to the Al side is much more pronounced
than Al atoms to the Ti side.

In the present study, multi-laminated Ti/Al diffusion cou-
ples were prepared and annealing experiments were employed
to identify the controlling mechanisms of the reactive diffusion
at different temperatures in an attempt to clarify contradictions
among previous reports.

2. Experimental procedure

Ti/Al laminates were prepared by stacking thin Ti (99.5%)
and Al (99.5%) foils with titanium foils at both ends. The
processed samples are 25 mm x 90 mm x 17 ply platelets. To
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improve the condition of Ti/Al interfacial bonding, the Ti and
Al foils were etched in 10% HF and 15% NaOH solution, respec-
tively, alcohol cleaned, water flushed, and dried before stacking.
Hot pressing was conducted at 600 °C for 3 h under 50 MPa, in a
vacuum better than 10~2 Pa. The vacuum hot-pressed laminates
were heat-treated in evacuated quartz tubes and then air-cooled.
The thickness of the reaction layers at Ti/Al interfaces was mea-
sured from scanning electron microscope (SEM) micrographs of
the cross-sections. For each condition, an average thickness was
obtained from 20 individual measurements. Annealing experi-
ments were carried out at 520, 550, 575, 600, 630 and 650 °C,
with diffusion time varying from 1 h (3.6 ks) to 150 h (540ks).
An SEM equipped with energy dispersive X-ray spectrometer
(EDS), an electron probe microanalyzer (EPMA) and an X-ray
diffractometer (XRD) were used to identify intermetallic com-
pounds formed during both vacuum hot-pressing and subsequent
annealing treatments.

In addition to diffusion bonding, which was used to prepare
samples for annealing experiment, cold-roll bonding and hot-roll
bonding were both used to prepare samples for investigation of
reaction mechanisms. In the former, stacked Ti/Al plies were
rolled to 50% overall thickness reduction at room temperature;
hot-roll bonding consisted of holding the stacked Ti/Al plies
which were canned in 0.5 mm titanium foil to prevent oxidation
and leakage of aluminum melt in furnace at 600, 750 and 950 °C
for 5 min, and rolling the canned multilayers at a speed of 0.2 m/s
to different ratios of thickness reduction.

3. Results
3.1. Phase identification

The vacuum hot-pressed laminates exhibited good bonding
between the Ti and Al foils (with an average foil thickness of
175+ 5 pm in the bonded condition). The interfaces between
the bonded Ti and Al foils are fairly straight as can be seen
from Fig. 1(a). At higher magnification, thin reaction layers
with an average thickness of 2 wm can be observed (Fig. 1(b)).
The thickness of the reaction layers increased remarkably when
the annealing time and/or temperature were increased. Typical
back-scattered electron (BSE) micrographs of the multilami-
nated diffusion couples annealed 12 h at different temperatures
are shown in Fig. 2. EPMA analysis elucidated that the composi-
tions of the grey, dark grey, and dark regions on each micrograph
correspond to Ti, TiAl3, and Al, respectively. An example of
concentration profiles taken across a diffusion zone is shown
in Fig. 3. The zone with roughly a composition of 75 at.% Al
and 25 at.% Ti corresponds to TiAl3 and no composition gra-
dient can be noted within this zone. Formation of TiAlz was
also confirmed by XRD analysis (Fig. 4), and further experi-
ments suggested that in the temperature range of 520-650 °C
TiAl; was the only compound observed after reactive diffusion
between Ti and Al for time up to 150 h.

With increase in annealing time the Al foils were finally
consumed and a Ti-TiAl3 MIL composite was obtained.
During second-stage annealing at higher temperatures, e.g.
700°C/1h+800°C/1h, a thin layer (~2um) of TiAl phase

Mag= 1ox |ZMM Signal A = QBSD

Mag= 200KX 20um

Signal A = QBSD

Fig. 1. (a) SEM micrograph showing morphology of a Ti/Al laminate after hot-
press bonding at 600 °C for 3 h. (b) The Ti and Al layers have equal thickness
of ~175 wm and a thin layer (with an average thickness of 2 wm) of TiAl3 is
present at the interface.

formed between the Ti and TiAlz layers (Fig. 5). The com-
position of this newly formed phase obtained by EDS analy-
sis on SEM is listed in Table 1. The average composition of
51.2at.% Ti and 48.8 at.% Al corresponds to that of the TiAl
phase.

3.2. Morphological observation

In order to understand how TiAlz formed, both the diffusion
bonded and cold- or hot-roll bonded samples were investigated.
In the hot-roll bonded samples, metallography of the Ti foil
sections close to the Ti/TiAls interfaces shows the presence of

Table 1

Composition (in at.%) of the second phase formed at the Ti/TiAl3 interface
Position Al content Phase
1 44.88 TiAl
2 46.76 TiAl
3 52.98 TiAl
4 50.64 TiAl
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Fig. 3. Concentration profiles across the diffusion zone of a laminate.

| | ]
m Al u
. | |
A TiAl,
3
L
2
[
c
£
- A
Signal A = QBSD | ]
P A
A
A A A &
i " w M M
20 30 40 50 60 70 80 a0

26 (deg.)

Fig. 4. XRD pattern of the reaction zone of a Ti/Al laminate annealed at 630 °C
for 4 h (from the Al side of the interface).
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Fig. 2. BSE images of the interface region of samples annealed for 12h in
vacuum at 550 °C (a), 575 °C (b), and 600 °C (c).

globular particles of TiAlz along the Ti grain boundaries after
annealing (Fig. 6(a)), providing evidence of the diffusion of
Al atoms along these grain boundaries. Because the Al foils
were consumed faster than Ti foils and because of the formation
of voids and cracks in the Al/TiAlz interface regions, attempts
to make similar observation on the grain boundaries of the Al Fig. 5. SEM secondary electron image of the Ti-TiAl; MIL composite after a
foils failed. An observation of the fracture surface of a TiAl3 second-stage annealing of 700 °C/1 h+ 800 °C/1 h. TiAl formed at the interface
layer revealed fine, globular grains of this intermetallic phase between Ti and TiAl3.



pp
高亮
光学显微镜观测，在Ti/Al3Ti界面靠近Ti的一侧，在Ti的晶界，分布着Al3Ti相，表示Al在扩散中，有采用晶界扩散的短路扩散方式。
因Al箔消耗比Ti快，且Al/Al3Ti界面处存在孔洞和裂纹，所以不能对Al进行相同的光学观察。


L. Xu et al. / Materials Science and Engineering A 435—436 (2006) 638—647 641

i

e,

& n .)-"' : e ','
i
Jﬁ‘: -\W_‘Sﬁ - e Y.

§

-,
%
s

Rt o

Fig. 6. Planar view of Ti foil close to a Ti/TiAls interface (a, optical micrograph)
showing formation of TiAl3 at grain boundaries of a Ti foil, and intergranular
fracture surface of a cracked TiAls layer (b, SEM) showing fine globular grains
of TiAlz. Grain size in region A is larger than that in region B. Samples were
hot-roll bonded at 600 °C followed by annealing at the same temperature for (a)
Shand (b) 15h.

(Fig. 6(b)). This fracture surface, however, appears terraced and
the particle size in region A is larger than that in region B.

To help clarify the characteristics of diffusion, positions of the
interfaces during the growth of TiAlz were carefully determined
on cross-sections of laminate samples with equal starting thick-
ness of Ti and Al foils. Fig. 7(a) and (b) compare an as-bonded
sample with one subjected to an anneal of 63.5h at 575 °C: the
thickness of the Ti foils shrinked only slightly by ~3.9 wm dur-
ing annealing whereas the thickness of the Al foils reduced by
~22.7 pm. Clearly the growth of TiAl3 occurred mainly on the
Al foil side of the interface. The present result, consistent with
that of Luo and Acoff [5], indicates that Ti atoms also diffuse
into the Al foils.

The observation of Fig. 6(a) suggests that grain boundaries
are important diffusion channels during Ti/Al interdiffusion.
With increase in TiAlz layer thickness the diffusion of Ti and Al
into each other must penetrate the intermetallic layers, and the
observation of fine-grain structure of the TiAlz layer (Fig. 6(b))
suggests that grain-boundary mechanism is also important in

Mag= 300X Signal A = QBSD

Mag= 300X i Signal A = QBSD

Fig. 7. SEM micrographs from which layer thickness was measured: (a) as hot-
press bonded sample; (b) sample annealed at 575 °C for 63.5 h, in which the Ti,
Al and TiAlj3 layer thickness becomes 171.4, 152.6 and 14.3 pm, respectively.

this process. It is also known that other crystal defects such
as dislocations provide extra diffusion channels. To verify this
mechanism, samples subjected to different amount of plastic
deformation during hot-roll bonding at 600 °C were annealed for
identical time of 5h (see Fig. 8). Measurement indeed showed
that the average layer thickness increased with the amount of
rolling reduction, suggesting that the increased density of dis-
locations in both Al and Ti foils is beneficial to subsequent
diffusion.

3.3. Intermetallic layer thickening

The average thickness values of the TiAl3 layers after anneal-
ing at different time and temperature are collected in Table 2.
Although annealing experiments up to 150h have been per-
formed, the irregular interface profile at long annealing time
makes accurate measurement of the layer thickness impossible,
especially at high temperatures. As a result, the layer thickness
data for temperatures above 600 °C are limited to short annealing
time.

Itis worth noting that the layer thickness data given in Table 2
suggest that growth kinetics at 520 and 550 °C are quite similar
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Fig. 8. SEM images of samples prepared by hot-rolling at 600 °C to overall
thickness reduction of (a) 73%, (b) 61%, and (c) 51%, followed by annealing
for 5h at the same temperature. The average thickness of the TiAlz layer under
each condition is indicated on the photographs.

if the errors of measurement are considered. The mean thickness
values for 550 °C at identical annealing time are even slightly
less than those for 520 °C.

It is well known [10] that at a given temperature the depen-
dence of the thickness of an interdiffusion layer on diffusion
time can be described by the following empirical relationship:

Ax = ki" ey

InAx =nlnt +Ink )

Table 2
Experimental data of average TiAlz layer thickness Ax (after deduction of the
starting thickness of 2 um) at different time (¢) and temperature (7)

T(°0O) t (h) Ax (pm)
2 1.02 + 0.34
6 2.08 + 0.40
520 12 446 + 061
43 5.14 + 0.78
48 6.38 + 0.77
64 10.50 + 0.78
2 0.88 + 0.40
6 2.04 + 0.40
13 3.52 + 0.61
350 40 415 + 0.78
48 574 + 0.77
64 6.58 + 0.78
2 1.02 + 0.46
6 2.06 + 0.34
s 12 4.45 + 0.36
20 5.15 + 0.96
83 6.36 + 0.74
635 10.45 + 131
2 115 + 0.75
3 1.80 + 0.48
600 5 2.88 + 0.62
6 3.60 + 0.63
12 5.89 + 0.78
2 958 + 1.16
3 1530 + 1.75
630 5 26.50 + 0.99
6 31.20 + 0.99
12 66.85 + 1.59
1 400 + 0.75
2 11.04 + 1.06
650 3 17.06 + 2.00
4 2411 + 5.85

where Ax is the thickness of the reaction layer, k the rate con-
stant, ¢ the diffusion time, and n is the kinetic exponent. The
values of pairs of Ax and ¢ at different temperatures measured
in the present work as listed in Table 2 were substituted into
Eq. (2) and six plots of In Ax versus In¢ were obtained and
shown in Fig. 9(a). Linear regression analysis gives six best-fit
straight lines, with values of the kinetic exponent n of 0.55, 0.49,
0.47,0.83, 1.08 and 1.06 for the temperatures of 520, 550, 575,
600, 630 and 650 °C, respectively. An n value of 0.5 suggests
standard diffusion limited growth and » > 0.5 indicates interface-
controlled growth. Taking into account the experimental errors,
itis reasonable and convenient to divide the present data into two
groups, each with three temperatures, and to assume n values of
0.5 and 1.0 for the two groups (as plotted in Fig. 9(b)).

The activation energy for both diffusion-controlled and
reaction-controlled growth can be obtained from the rate con-
stant k, which is usually assumed to follow an Arrhenius-type
relation at different temperature:

k = Aexp (—%) 3)
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Fig. 9. (a) Plots of In Ax vs. In¢ by linear regression analysis using Eq. (2) with
the values of n in the parentheses. (b) Re-plots of the data by assuming n=0.5
(520, 550 and 575 °C) and n=1.0 (600, 630 and 650 °C).

where A is the pre-exponential factor, E, the activation energy
for growth, R the gas constant, and 7 is the absolute temperature.
Eq. (3) can also be written in the following form:

Eq,
Ink=InA - — @)
RT
The activation energy can be obtained from plots of In k versus
the reciprocal of temperature. Such plots are given in Fig. 10,
yielding activation energies of 33.2 and 295.8 kJ mol~! for the
two groups with n values of 0.5 and 1.0, respectively. The respec-
tive values of A in the two cases are 2.1 x 107®ms™%3 and
12x 108 ms™!.

4. Discussion
4.1. Sequence of phase formation

Annealing in the temperature range of 520-650°C in the
present study resulted in the formation of only one phase, TiAlz,
even though the phase diagram suggests other compounds, such
as TizAl, TiAl and TiAl,, should also be formed between Al and

15
6 L
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A9 |
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Fig. 10. Plots of the rate constant k for TiAl3 layer growth against temperature
for the two mechanisms.

Ti in the diffusion process. The absence of these compounds in
the Ti/Al diffusion couples was also noted by previous inves-
tigators [7,11-13], who attributed the absence of phases other
than TiAls to the much faster diffusion in TiAlz than in other
intermetallic phases of the Ti—Al system. van Loo and Rieck
[7] prepared a Ti-TizAl-TiAl-TiAl,-TiAl;—Al diffusion sys-
tem and annealed it at 625°C for 15h. They found that the
interjacent layers with a total thickness of 12 wm_vanished com-
pletely and the system changed to Ti—TiAl3—Al. This experiment
proved that difficulties in nucleation of one of the interjacent
phases could not be the cause of its absence in the diffusion
couples.

In general, the sequence of intermetallic phase formation is
determined by not only the thermodynamics but also the dif-
fusion kinetics of the system concerned. In the Ti—Al binary
system, several intermetallic compounds appear as equilibrium
phases: TiAls, TipAls, TiAly, TiAl and TizAl. Of these the for-
mation of TioAls and TiAl, necessarily involves TiAl as one
of the starting phase [14], and so may be omitted in our con-
sideration here. Plots of the free energy of formation of the
intermetallic phases with temperature [15], as done by Peng et al.
[3], suggested that above ~500 °C TizAl should be the second
phase to form following TiAls since TizAl has more negative
free energy than TiAl. This does not agree with the experimen-
tal observation that TiAl is the second phase to appear between
Ti and TiAlz (see Fig. 5). Clearly, kinetic influences must be
taken into account in theoretical models in order to make cor-
rect predictions.

There have been many attempts at establishing models for
predicting first phase formation in a binary system [16-18].
The effective heat of formation (EHF) model proposed by Pre-
torius et al. [19,20] was the most recent and it succeeded in
predicting the formation of first phase in 15 metal-aluminum
binary systems. However, in some systems where congruent
and non-congruent compounds were simultaneously present, the
EHF model encountered difficulty. To resolve this issue a mod-
ified effective heat of formation (MEHF) model was recently
proposed by Kale and co-workers [21] who incorporated a con-
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高亮
针对Ti-Al体系在520-650℃扩散时只有Al3Ti生成，而无相图上显示的其它化合物的生成，相关研究者注意到这个问题，并归因于相应金属原子在Al3Ti中的扩散速度比在其它金属间化合物中快。
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制备了Ti–Ti3Al–TiAl–TiAl2–TiAl3–Al扩散耦，并在625℃下退火15h，发现12微米的扩散耦全部消失，变成了Ti–TiAl3–Al。表明其它金属间化合物不存在并非是形核困难造成的

pp
高亮
在Ti-Al金属间化合物体系中，Ti2Al5 and TiAl只有在TiAl存在的情况下才会形成
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金属间化合物相形成的自由能随温度的变化曲线
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表明在超过500℃后，Ti3Al将先于TiAl在Al3Ti之后形成，因为Ti3Al比TiAl有更负的自由能
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但在图5中，TiAl成了Al3Ti之后第二个形成的金属间化合物，与引文[3]的结论不同。
故在热力学之外，需要考虑动力学的影响。
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在建立预测二元系第一相形成的模型方面有许多尝试
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Pretorius等人提出的有效生成热（EHF）模型是最新的，它成功地预测了15种金属-铝二元体系中第一相的形成。
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建立了修正的有效生成热模型，将一致性因子带入括号，模型如下所示。并证明了模型对Zr-Al体系的有效性
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Table 3
The values of AH° [18] and AH™ for various intermediate phases in the Ti—Al
system

Phase Compound AH°, Limiting AH™,
concentration kJ (mol at.)~! element kJ (mol at.)~!
Ti3AI(INC?*)  Tig750Alo.250 -25 Ti —0.67
TiAI(NC) Tio.500Alo.500 —38 Ti —1.52
TiAl3(NC)  Tigas0Alo.750 -37 Ti —2.96

2 NC, non-congruent.

gruency factor, AH', into the original formulation of Pretorius
et al. and rewrote the effective heat of formation as:

C
AH™ = (AH® + AHf)ET 5)

where AH°® is the standard heat of formation, Ce the effective
concentration of the limiting element at the interface, taken as
the concentration of the limiting element at the lowest liquidus
temperature, and Cj is the concentration of the limiting element
in the compound. These authors demonstrated that this model
works well for the Zr—Al system [21]. For the Ti—Al binary sys-
tem the concentration at the lowest liquidus temperature was
Tig.020Alp.980 (see Ti—Al binary diagram [22]); obviously Ti is
the limiting element for all the titanium aluminides, which may
form at the Ti/Alinterface. Here AH is assumed equal to the heat
of crystallization for congruent compounds and zero for non-
congruent compounds formed at the interface. The congruency
factor can be empirically related to the melting point Ty, of the
intermediate phase by the relation [21]: AHf =8.13T Tmol .
Because all intermetallic compounds in the Ti—Al binary sys-
tem are non-congruent, the values of AH! are zero. The values
of AH™ were calculated for the candidate compounds taken
from the phase diagram and are listed in Table 3 along with the
values of AH®. Clearly TiAl3 has the most negative effective
heat of formation (AH™), and is expected to be the first phase
to form in the diffusion zone, in agreement with experimental
observations.

Pretorius [19,20] predicted that after the formation of the first
phase in a metal-metal binary system, the next phase to form
at the interface between the compound phase and the remaining
element is the next phase that has the most negative effective
heat of formation. In Ti—Al binary system the second phase to
form in the diffusion zone is predicted to be TiAl (see Table 3),
in agreement with experimental observations (Fig. 5). Yang and
Weatherly [23] suggested that TiAl formed first between TiAlz
and Ti layers due to the reaction of TiAlz + Ti — 3TiAl + AH.
The above theoretical prediction based on the MEHF model is
also consistent with the experimental results of Luo and Acoff
[5,6].

4.2. Interdiffusion in Ti—-Al system

Al is commonly regarded as the only diffusing species in the
Ti—Al system below its melting point (660 °C) and growth of
TiAlz was thought to occur only on the Ti-rich side [7,24,25].
Above the melting point of Al, Ti was shown to be the diffusing
species [26,27]. As noted by previous authors [2,7] many fac-

Al Ti

TiAl,

25um

Fig. 11. Optical micrograph of a Ti/Al laminate held at 750 °C for 5 min and
then hot-rolled to 48% thickness reduction.

tors such as failure to remove surface oxide film may modify
the diffusion behavior. In the present work, diffusion of both
Ti and Al into each other was observed at all temperatures. In
their recent study of thin-film interdiffusion, Ramana et al. [28]
observed significant diffusion of Ti atoms into Al single crys-
tals on the (1 10) surface above 400 °C, and on the (1 00) and
(111) surfaces of Al crystals above 452 °C. Although the for-
mation of TiAlz is an exothermic reaction and this may cause a
temperature rise, it is not sufficient to melt Al at most annealing
temperatures employed in the present study. In Al melt, diffu-
sion of Ti atoms is accelerated and the globular TiAl; particles
formed are decorated by a thin layers of Al, as can be seen from
Fig. 11. In the absence of pressure voids and cracks may form
near the mid-planes of original Al foils after the Al melt is con-
sumed completely (Fig. 12). This suggested that Al atoms also
diffuse across the TiAlz layers to react with Ti at the Ti/TiAl3
interfaces, and the rugged appearance of these interfaces seen in
Fig. 12 is an indication of growth front. From the above discus-
sion it can be concluded that both Ti and Al are diffusing species
in the binary system regardless of the temperature being above
or below the melting point of Al.

|
crac voids
P .
. &
-
Ti
L 10

Fig. 12. SEM micrograph of a cold-roll bonded laminate annealed at 660 °C for
4h.
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一致性因子Hf 可采用如下经验公式，其中Tm是中间相熔点
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在这里Hf 等于一致性化合物的结晶热；而在界面处形成的不一致化合物时，为零。
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因为Ti-Al二元系中的所有金属间化合物都是不一致的，所以一致性因子为零。
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Pretorius[19,20]预测，在金属-金属二元体系中第一相形成后，在化合物相和剩余元素之间的界面处形成的下一相是具有最负有效生成热的下一相。
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Yang和Weatherly认为TiAl3和Ti层之间首先形成TiAl，因为该反应方程TiAl3+Ti→3TiAl+H
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基于修正的有效生成热模型（MEHF）与Luo和Acoff的实验结果一致
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基于修正有效生成热模型，得到Ti-Al二元体系稳定金属间化合物的有效生成热值，比较得到理论生成顺序为：Al3Ti，TiAl，Ti3Al
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低于铝熔点（660°C）时，铝通常被认为是钛铝体系中唯一的扩散元，而TiAl3的生长被认为只发生在富钛侧
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在Al的熔点以上，Ti是扩散元
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如之前作者所述，诸如未能去除表面氧化膜等的很多因素，可以改变扩散行为。
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在本工作中，观察到钛和铝在所有温度下相互扩散。
与前述论文不通
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在最近对薄膜互扩散的研究中，Ramana等人在400°C以上的（110）表面和452°C以上的（10 0）和（11 1）表面观察到钛原子向铝单晶的显著扩散
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750℃，在铝熔体中，钛原子的扩散加速，形成的球状TiAl3颗粒由一层薄的铝层装饰。
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室温冷轧后660℃退火
在没有压力的情况下，铝熔体完全消耗后，在原始铝箔的中间平面附近可能形成空洞和裂纹，粗糙的界面是化合物生长前端
表明Al原子也会向Ti侧扩散，在Ti/Al3Ti界面反应
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结论：无论温度高于或低于Al的熔点，Ti和Al都是二元体系中的扩散元。
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4.3. Kinetics of TiAl3 growth

As discussed in Section 4.1, kinetically TiAlj is expected to
form first at the Ti/Al interfaces during annealing. The kinet-
ics of diffusion also determines to which side the TiAl3 layers
grow faster. According to the Ti—Al binary phase diagram [22],
the terminal solution Al(Ti) has a very narrow domain of exis-
tence, whereas the solid solution Ti(Al) exists over a wide
composition range. In the temperature range studied in this work
(520-650 °C), the solubility of Al in Ti is ~11.7 at.%, whereas
the maximum solubility of Ti in Al is about two orders of magni-
tude smaller, only ~0.12 at.% [29]. One would expect the Al(Ti)
solid solution to saturate much earlier than the Ti(Al) in nucle-
ating TiAl; (considering the fact that the solubility of 11.7 at.%
is for Tiz Al rather than TiAlsz lends still stronger support for the
above argument). Another factor to consider is the stoichiometry
of the product phase, which consists of 1 part Ti and 3 parts Al.
Even if the solubility is similar on both sides of the intermetallic
layers, an equal flux of Ti and Al atoms across the layers would
result in growth rate on the Al foil side to be three times that
on the Ti foil side if nucleation rate of TiAls is similar on both
sides.

With the growth of the TiAl3 layers Ti and Al atoms must dif-
fuse through the layers before reactions at the Ti/TiAlz and the
TiAlz/Al interfaces proceed. A schematic of the reactive diffu-
sion process is shown in Fig. 13(a). The Ti(Al) solid solution
region is drawn much larger than the Al(Ti) region to illus-
trate different solubility. Similarly, the density of TiAlz nuclei
(reflecting layer thickening rate) is different on both sides of the
TiAl3z layer. We expect the distribution of TiAlz nuclei on the Al
side to be much more uniform due to very limited solubility; on
the Ti side, TiAlz nuclei may form at the grain boundaries of the
Ti foils (which provide fast diffusion channels for the Al atoms)
when the solubility is locally exceeded. van Loo and Rieck [7]
suggested that grain-boundary diffusion is the dominant mech-
anism in the mass transport through the TiAlz layers in Ti/Al
reactive diffusion system. In the present experiment observation
of fine grains of the TiAl3 layers (see Fig. 6(b)) supports such
an argument.

If a growth process is limited by lattice diffusion, parabolic
growth behavior is expected and the kinetic exponent will be
n=0.5. If grain boundary diffusion is significant, the situa-
tion is much more complex, because the grains grow with the
increase of both annealing time and temperature. As illustrated
in Fig. 13(b), there is a distribution of grain size, which is dif-
ficult to describe accurately. The observation of different grain
size on a terraced fracture surface (see Fig. 6(b), regions A and
B) confirmed the variation of grain size with depth within a
layer. The largest grain size occurs at the initial Ti/Al interfaces,
and in the present case this is close to the Ti/TiAlz interfaces
because growth of the intermetallic layers occurs mostly towards
the Al foils. With increase in annealing temperature and time,
grain growth or Oswald ripening reduces the effectiveness of
grain-boundary diffusion [30,31]. Many simplified treatments
of grain-boundary diffusion (e.g. [32,33]) suggested a kinetic
exponent close to n=1/3. In general, the values of n will vary
between 0.25 and 0.5 [34]. If the grain size is small compared

(a) ? Ti atoms
<« AI(Ti)
Ti(Al) =—> TiAls
Ti Al
« } Alatoms ¢ _

“~TiAl; nuclei

Ti Al

(©)

o

i
'l C.=0.25

Fig. 13. Schematic illustration of Ti/Al reactive diffusion process. The diffusion
of Ti into Al and vice versa are indicated by solid and dash arrows in (a), and
their concentration profiles are represented by solid and dash lines in (c). TiAl3
nuclei, with different growth rate at the Ti/TiAlz and TiAlz/Al interfaces, are
represented by dots of different density, and the different solubility of Ti in
Al and Al in Ti is illustrated by different width of the shaded region in (a).
The grain size distribution within the TiAlz layer as a result of grain growth is
schematically shown in (b).

to the thickness of the intermetallic layer, however, parabolic
growth law will hold even if grain-boundary diffusion domi-
nates [34]. Because TiAl3 is a line compound that dissolves
neither Ti or Al during diffusion, as evidenced by the concentra-
tion profile of the intermetallic layer (Fig. 3), the diffusing atoms
of both Ti and Al are confined to the grain boundary regions.
Such a high concentration of moving atoms at grain boundaries
behaves like a second phase and slows down grain growth. This
has two consequences: (a) the domination of grain boundary dif-
fusion will persist to relatively higher temperatures than usual;
(b) the condition for n=0.5, that is, grain size is small compared
to TiAlz layer thickness, will be satisfied for a wider tempera-
ture range. Growth data obtained in the present work between
520 and 575 °C, with an approximate kinetic exponent of 0.5
(Fig. 9), is in support of the above argument. The low activa-
tion energy of 33.2 kJ mol~! is in accord with the assumption of
grain-boundary diffusion. An activation energy of 34 kJ mol~!
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在该研究中（520～650℃）的温度范围内，Al在Ti中的溶解度为11.7%，而Ti在Al中的最大溶解度较小，差两个数量级，只有0.12%（溶解度为原子比或体积比）
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Al侧消耗比Ti侧快的第一个原因是：固溶体Al(Ti)达到饱和度远比Ti（Al）容易
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Al侧消耗比Ti侧快的另第一个原因是：即便Ti、Al原子扩散速率、Al3Ti形核率、界面两侧浓度差异一致（实际不一样），根据化学计量，要形成一份Al3Ti，消耗的Al的量是Ti的3倍。
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Ti侧Al3Ti晶核可能分布在晶界，因为这些位置提供了更快的扩散通道。（在图6a已得证）
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van Loo和Rieck认为，在Ti/Al反应扩散体系中，晶界扩散是tial3层质量输运的主要机制
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本实验图6b支持，在Al3Ti中的扩散以晶界扩散为主
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如果生长过程受到晶格扩散的限制，则生长行为为抛物线型，动力学指数为n=0.5。如果晶界扩散显著，情况就复杂得多，因为晶粒随退火时间和温度的增加而长大
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图13b展示了Al3Ti晶粒度示意图
晶粒度的不同在图6b沿晶粒度梯度的断裂已得到证实
最大晶粒在初始形成的化合物附近，即靠近Ti侧，因Al3Ti向Al侧的生长要快得多。
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随着退火温度和时间的增加，晶粒长大或Oswald成熟降低了晶界扩散的有效性
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许多晶界扩散的简化处理（如[32,33]）表明动力学指数接近于n=1/3。
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一般来说，n的值在0.25到0.5之间变化
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如果晶粒度小于化合物厚度，然而，即使晶界扩散占主导地位，金属间化合物层的厚度仍将遵循抛物线生长规律
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此段主旨：（1）接开头，对于晶界扩散，随时间和温度增长，晶粒变大，晶界变少。这是一个动态过程，每一时刻的平均晶粒度都将作为下一时刻的初始条件，每一个位置的晶粒度也都有差异，情况很复杂。
（2）论文[32，33]提出将n简化为1/3处理，论文[34]发现即便在晶粒很小时，扩散以晶界扩散为主，但化合物生长仍按照抛物线型的模式。
（3）原因分析：Al3Ti是“线性化合物”？（原子比范围很小）不溶解Ti、Al原子，在Al3Ti的晶界面，若达不到固定的原子比，金属原子都被限制在晶界外。此时小晶粒Al3Ti晶界之间，高浓度的Ti、Al相当远第二相，移动很困难。
（3）这导致两种结果，一是晶界扩散在高温时也是适用的，二是n=0.5的抛物线型生长模式，在小晶粒、高温度的情况下也适用。
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图9证明上述理论的正确性，在一定温度范围内，n=0.5适用。
在低温晶界扩散主导时，这种“快速通道”的扩散主要影响的是对扩散激活能的降低，从而加快扩散。
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Table 4
Comparison of different studies of TiAl3 growth in Ti/Al diffusion couples
Diffusion couple Range of T (°C) Diffusion atom n E, (kK] mo]_]) Ref.
99.7% Ti/99.7% Al (oxide layer on Ti surface suspected) 580-640 - 0.91 179.5 [7]
TiAl/Al or Ti—(5, 10, 25 wt.%)Al/Al (purity as above) 516-640 Al (sole) 0.5 94.6 [7]
Ti/Al (200 nm thin film on Si) 350-500 Ti, Al 0.5 166 [35]
OT4-1 alloy (Ti—1.0-2.5A1-1.0Mn (wt.%))/Al 530-630 Al 0.5 105.1 [8]
Ti/Al powder 750-900 - - 517 [36]
99.99% Ti/99.99% Al 540-650 Al 0.5 34 [25]
98.7% Ti/99.2% Al (Al with 0.27% Si that goes to TiAlz) 500-630 Al faster than Ti 0.5 237+ 15 [9]
Ti-5 at.% O/Al (purity as above) 500-600 Al faster than Ti 0.5 263 +7 [9]
99.6% Ti/99.0% Al (75 pm foils) 650 Ti, Al 0.72 - [5,6]
99.5% Ti/99.5% Al (175 pm foils) 525-575 Ti, Al 0.47-0.55 332 This work
99.5% Ti/99.5% Al (175 pm foils) 600-650 Ti, Al 0.83-1.08 295.8 This work
was reported for high-purity Ti/Al diffusion couples [25] where 1000 | "
grain-boundary diffusion dominates. | AT L | 0085 juume==T  LH+(ALTI)
. L. o
The similar growth kinetics at 520 and 550°C (or even 000 22K (LAl /_,.-—- 5147 | 936K

slightly slower for the latter temperature) as given in Table 2 is
probably related to the dominance of grain boundary diffusion
at low temperatures. With increasing temperature, grain growth
occurs and lattice diffusion takes a larger share. The diffusion
of Ti atoms through the TiAls lattice however is expected to be
slow; the activation energy measured in the temperature range
of 350-500 °C for the diffusion of Ti in TiAlz is 162 kJ mol~!
[35]. At a certain point during the increase of temperature it is
possible that the rise in atomic flux due to increase in lattice dif-
fusion cannot compensate for the fall due to grain growth, giving
similar overall kinetics as observed in the temperature range of
520-550°C.

A summary of reported investigations of interdiffusion of
Ti/Al couples is presented in Table 4. In cases where Al was
found to be the sole diffusing species and TiAlz grows towards
the Ti side, the Ti side usually contains high amount of Al (e.g.
[7,8]). As aresult both thermodynamic and kinetic conditions for
the formation of TiAl3 are significantly different from those in a
high purity Ti/Al couple. Likewise, many factors cause variation
in the kinetic exponent and activation energy of TiAl3 growth.
van Loo and Rieck [7] suggested that the oxide film on Ti or
Ti—Al alloys modified the growth behavior of TiAlz in such a
way that a short stage of linear kinetics exists until a break-
away at which the oxide layer was broken, leaving a row of
Al particles. In our method of preparing the diffusion couples,
however, a layer of TiAl3 about 2 pm thick was already present
at the Ti/Al interfaces before the annealing started. Oxide layer
on the Ti foil surfaces, if any, should have already been broken.
In fact, no Al particles were observed in the TiAl3 layers in the
present work.

With increase in temperature to about 600 °C, a transition to
a reaction-limited growth mechanism is observed in the present
work (Fig. 9). Reactions at the TiAlz/Al interfaces consist of
two steps: (a) diffusion of Ti atoms into the Al foils until sat-
uration; (b) nucleation of TiAl3 particles. At low temperatures
the first step is easily accomplished because of the very limited
solubility of Ti in Al; as the temperature approaches the melting
point of Al, the solubility of Ti in Al increases almost exponen-
tially, as can be seen from a detailed investigation of the Al-rich
Ti—Al phase diagram reproduced in Fig. 14 [29]. As illustrated
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Fig. 14. Details of the Al-rich part of Al-Ti phase diagram [29].

in Fig. 13(c), for the TiAls/Al interfaces to advance a distance of
8, a critical Ti concentration, Ctj, must be reached; the value of
Crj increases rapidly with temperature. As a result this process
of Ti diffusion in Al foils may become the limiting step of the
reactions at TiAlz/Al interfaces. Because of the limited solubil-
ity of Ti in Al information concerning this diffusion process is
not available. However, the activation energy should be similar
to that of Ti diffusion in other metals and compounds (a-Ti,
TizAl, TiAl, etc.), typically in the range of 250-300kJ mol~!
[37]. The activation energy for the linear growth of TiAlsz lay-
ers in the temperature range of 600-650 °C, 295.8kJ mol ™!, is
comparable to these values, suggesting that the reactions at the
TiAlz/Al interfaces may indeed be controlled by the diffusion
of Ti atoms in the Al foils.

5. Conclusions

A systematic investigation of the growth of intermetallic
TiAlz in diffusion-bonded multi-laminated Ti/Al couples has
been made in the temperature range of 520-650 °C. The main
conclusions are summarized as follows:

(1) Inagreement with previous investigations, only TiAl3 phase
was detected in the Ti/Al interface zones in this work. A
modified effective heat of formation model was applied to
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高纯度Ti-Al扩散耦的研究中，得到激活能为34的晶界扩散主导的扩散，与本文结论一致
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然而，钛原子通过TiAl3晶格的扩散预计将是缓慢的；在350–500°C温度范围内测量的Ti在TiAl3中扩散的活化能为162 kJ mol-1
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表二：550℃下的厚度低于520℃
低温晶界扩散主导。温度升高，晶格扩散开始起重要作用
在这个过程中，可能在某个温度点，晶格扩散引起的原子扩散通量的增加不足以抵消晶粒长大导致的扩散减慢，造成温度升高，反应层厚度反而降低的现象。
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铝是唯一扩散物种且TiAl3向Ti侧生长的情况下，Ti侧通常含有大量的铝
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总结了关于Ti/Al对互扩散的研究报告
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形成TiAl3的热力学和动力学条件与高纯Ti/Al扩散耦中的明显不同，同样，许多因素导致TiAl3生长的动力学指数和活化能的变化

pp
高亮
Ti或Ti-Al合金上的氧化膜改变了TiAl3的生长行为，这样的过程是一个短暂的线性动力学过程，直到氧化物层断裂的脱离，留下一排Al粒子。

pp
高亮
随着温度升高，反应扩散开始占主导。


pp
高亮
温度升高导致Ti在Al中的溶解度升高

pp
高亮
反应扩散两阶段：(1)扩散；（2）形核

pp
高亮
在Ti-Al相图的富Al侧可以看到，温度升高导致的Ti在Al中溶解度的升高。

pp
高亮
要使TiAl3/Al界面向Al方向移动δ的距离，必须达到临界Ti浓度C(Ti)，C(Ti)值随温度的升高而迅速增大。

pp
高亮
Ti在铝箔中的扩散过程可能成为TiAl3/Al界面反应的限制步骤

pp
高亮
由于钛在铝中的溶解性有限，有关这一扩散过程的信息不可用。但其活化能应与钛在其它金属和化合物中的扩散能相似(Ti、Ti3Al、TiAl等），通常在250-300 kJ mol-1范围内。
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the Ti—Al system and it predicted correctly the appearance
of TiAlj3 as the first phase in the diffusion zone as well as
subsequent formation of TiAl between Ti and TiAl3 layers.

(2) Both Ti and Al are diffusing species regardless of tempera-
ture being above or below the melting point of Al. Growth of
the TiAlz layers occurred mainly at the TiAl3/Al interfaces.

(3) With increasing temperature there is a change in the mech-
anism of TiAl3 growth between 575 and 600°C from
diffusion-controlled to interface reaction limited kinetics.
The parabolic growth of the TiAls layers in the low-
temperature regime is dominated by grain boundary dif-
fusion, with a low activation energy of 33.2kJmol~!. The
linear growth stage in the high-temperature regime is char-
acterized by a high activation energy of 295.8 kJ mol~!. This
value is comparable to the activation energy of Ti diffusion
in metals and compounds such as a-Ti, TiAl and TizAl, and
we assume it is also similar to the activation energy of Ti dif-
fusion in solid Al. Based on this assumption it is suggested
that the reactions at the TiAlz/Al interfaces are limited by
the diffusion of Ti atoms in the Al foils at the growth front
of TiAlz, considering the rapid increase in the solubility of
Ti in Al in the high-temperature regime.
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