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Abstract: The tri-metal Ti–Al–Nb composites were processed through three procedures: hot pressing, rolling, and hot pressing, followed by
subsequent rolling. The fabricated composites were then subjected to annealing at 600, 625, and 650°C temperatures at different times. Micro-
structure observation at the interfaces reveals that the increase in plastic deformation strain significantly affects TiAl3 intermetallic layers’ evol-
ution and accelerates the layers’ growth. On the contrary, the amount of applied strain does not significantly affect the evolution of the NbAl3
intermetallic layer thickness. It was also found that Al and Ti atoms’ diffusion has occurred throughout the TiAl3 layer, but only Al atoms dif-
fuse through the NbAl3 layer. The slow growth rate of the NbAl3 intermetallic layer is due to the lack of diffusion of Nb atoms and the high ac-
tivation energy of Al atoms’ reaction with Nb atoms.
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1. Introduction

Some applications  of  laminated  composites  are  in  struc-
tural, aircraft, and automobile industries because of their low
density, excellent mechanical properties, and their moderate
price  [1–3].  In  contrast,  Ti/Al  composites  combined  with
subsequent  proper  annealing have potential  applications for
the economical production of γ-TiAl sheets and metal-inter-
metallic laminated composites (such as Ti/TiAl3 composite)
[4–5]. Some conventional routes for the production of TiAl
sheets,  such  as  powder  metallurgy  [6],  near-net-shape  cast-
ing from high temperatures [6], and hot-pack rolling rout [7],
have series of post processing steps like hot pressing, anneal-
ing, and hot working that lead to increases in their costs [8].
Besides,  because of its  low toughness at  room temperature,
the widespread applications of TiAl are limited in some func-
tions [9].

One of the most effective toughening strategies is the Nb’s
addition as a ternary element that increases the room temper-
ature ductility and improves the oxidation resistance of TiAl
alloys [10]. So far, the Acoff group suggested a method for
the  fabrication  of  Nb  containing  TiAl  alloys  [11–12].  This
technology  is  based  on  rolling  processing  combined  with
two-stage  heat  treatment,  which  develops  titanium  alumin-
ides [13]. The first stage’s temperature is selected below the
melting point of Al (~660°C) so that the TiAl3 and NbAl3 in-
termetallic  compounds  form  in  the  Ti/Al  and  Nb/Al  inter-
faces, respectively.

At the second stage, the TiAl3, NbAl3, Nb, and Ti react to-
gether  at  high  temperature  (~1200°C),  and  Nb  containing
TiAl alloy forms. In some other studies, the Ti/Al/Nb com-
posites have been fabricated by only hot  rolling [14–15] or
hot  pressing [16].  As far  as  Yu et  al. [17]  have concluded,
rolling has a positive effect on the mechanical properties of
Ti/Al composite, and Tochaee et al. [18] and Shaat et al. [19]
have  succeeded  to  increase  the  fracture  toughness  of  mul-
tilayered  composites  such  as  Ti/Al  by  refining  its  grains.
However,  no  study  was  conducted  on  the  comparison  of
these  methods.  Also,  because  of  limited  research  on  Nb/Al
multilayered composites  [20–22],  the current  understanding
of  microstructure  evolution  and  diffusion  process  at  the
Nb/Al  interface  is  very  little.  Several  studies  have  experi-
mented with the Ti/Al diffusion couples [5,23–26]. The ex-
periments conducted by Van Loo and Rieck [27] suggest that
Al  is  the  only  diffusing  component,  but  it  was  concluded
from another study by Luo and Acoff [28] that the diffusion
of Ti atoms to the Al side is much more than the diffusion of
Al atoms to the Ti side. Moreover, it  was illustrated by Xu
et al. [23] that both Ti and Al are diffused, and most of the
growth  has  happened  at  the  TiAl3/Al  interface.  It  indicates
some ambiguity about the mechanism of compound forma-
tion  in  the  Ti/Al  interface.  Accordingly,  in  the  present  re-
search, laminated Ti/ Nb/Al diffusion couples were prepared
through three procedures, and the influence of the fabrication
method  on  the  growth  rate  of  layers  in  the  first  annealing
stage was investigated. Also, diffusion processes and growth 
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features of intermetallic layers at each Ti/Al and Nb/Al inter-
face and the intermetallic layers’ growth kinetics for both in-
terfaces were studied. 

2. Experimental

In the present investigation, two titanium (99.5wt%, 1 mm
thickness), two aluminum (99.5wt%, 0.7 mm thickness), and
one niobium (99.8wt%, 0.45 mm thickness) elemental sheets
were used as starting materials.  The chemical compositions
of  all  are  shown  in Tables  1–3.  Dimensions  of  the  sheets
were 50 mm × 150 mm cut from the cold-rolled sheets paral-
lel  to  the  initial  rolling direction.  The surfaces  of  all  sheets
were roughened using a steel-wire brush and cleaned ultra-
sonically in acetone. The prepared sheets were then stacked
over each other, and the stacked laminates of Ti, Al, and Nb
layers were subjected to hot pressing at 600°C for 1 h under
50 MPa pressure.  One of  the samples  was put  aside at  this
stage (sample 1), and the rest were rolled immediately with
thickness reductions of 17% (sample 2), 52% (sample 3), and

77% (sample 4) on a laboratory rolling mill without lubrica-
tion at a speed of 3.14 rad/s with rolls of 350 and 450 mm in
diameter  and  length,  respectively.  After  surface  treatment
and  stacking,  another  sample  was  processed  using  the  cold
rolling method with 65% thickness reductions (sample 5) for
comparison. To anneal the fabricated composites, they were
cut to the dimension of 10 mm × 6 mm and put in an evacu-
ated  and  sealed  glass  capsule.  Then,  annealing  treatments
were performed at 600, 625, and 650°C with diffusion times
of 30 to 480 min.
 
Table 1.    Composition of the Nb sheet used in this study wt%

Fe Al Mg Nb
0.05 0.07 0.08 99.8

 
 
Table 2.    Composition of the Ti sheet used in this study wt%

Fe H C N O Ti
0.2 0.015 0.08 0.03 0.18 99.62

 
Table 3.    Composition of the Al sheet used in this study wt%

Zn V Si Sb Pb Mn Mg Fe Cu Cr B Al
0.055 0.040 0.062 0.062 0.009 0.025 0.025 0.189 0.030 0.007 0.007 99.452

 

The scanning electron microscope (SEM) equipped with
energy dispersive spectroscopy (EDS) was used to character-
ize  new phases.  Also,  X-ray diffraction analysis  (XRD, Cu
target, 40 kV, and 40 mA) and transmission electron micro-
scopy (TEM) were conducted to investigate the resultant in-
termetallic compounds.

TEM  sample  was  prepared  by  focused  ion  beam  (FIB)
method  as  thin  specimens.  Electron  backscatter  diffraction
(EBSD) analysis  was  conducted  to  characterize  the  interfa-
cial Ti/Al features. Then, the sample was mounted, carefully
ground, and polished. The TiAl3 tetragonal crystal structure
with  space  group I4/mmm and  lattice  parameters: a = b =
0.38537 nm, c = 0.85839 nm, and α = β = γ = 90° [29] was
employed for EBSD analyses, and the data were collected by
an SEM equipped with  an EBSD analysis  system from the
selected area with a step size of 0.65 µm. The hardness meas-
urements  were  carried  out  at  room temperature  on  samples
without annealing, and after annealing, they were done with a
Vickers  indenter  and  an  applied  load  of  1  N  for  10  s.  The
measurements were obtained from 3 to 5 indentations. To ad-
just  the  intermetallic  thickness  determination  statistics  at
Ti/Al  and  Nb/Al  interfaces,  microstructural  image  pro-
cessing (MIP) software was used to measure the width of the
intermetallic layers. 

3. Results and discussion 

3.1. Formation  of  intermetallic  compounds  during  hot
pressing and rolling

The  SEM micrographs  from Ti/Al  and  Nb/Al  interfaces
after pressing are shown in Fig. 1.

As can be seen, intermetallic compounds with low thick-
ness are formed at Ti/Al layers during pressing (Fig. 1 (a)). It
is related to the high temperature (600°C) and enough time
(60 min) to form intermetallic compounds during hot press-
ing.  The EDS analysis  results  demonstrate that  Al and Ti’s
atomic concentrations are 76.8at% and 23.2at%, respectively
(insert in Fig. 1(a)), which confirms TiAl3 intermetallic com-
pound  formation.  However,  there  is  no  evidence  for  the
formation  of  the  intermetallic  layer  in  the  Nb/Al  interface
(Fig. 1(b)). The EDS line scan analysis across the Nb/Al in-
terface can be seen in insert in Fig. 1(b). It confirms Nb and
Al  atoms’ interdiffusion  during  pressing,  but  intermetallic
phases could not be detected.

The microstructures and EDS results of sample 1 immedi-
ately  after  pressing  and  samples  2–5  after  rolling  are  illus-
trated in Fig. 2. As can be seen, Ti/Al and Nb/Al interfaces
are smooth, and no delamination or defect can be observed. 

3.2. Microstructural  evolutions  during  post  deformation
annealing

Microstructural evolutions of samples 1–5 after annealing
at 625°C for 480 min are illustrated in Figs. 3 and 4. As ob-
served,  the  thickness  of  the  TiAl3 intermetallic  layer  is  in-
creased with the increase of rolling reduction (Fig. 3(a)–(e)),
but the thickness of the intermetallic layer formed at Nb/Al
interface  (Fig.  4(a)–(d))  in  samples  1–4,  is  almost  constant
(~2 µm).

The intermetallic layer thickness in sample 5 at Nb/Al in-
terface is lower (~ 0.5 µm) than the thickness developed dur-
ing  fabrication  by  pressing.  The  EDS  analysis  (Fig.  4(f))
from the intermetallic layer at  the Nb/Al interface indicates
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that Al and Nb’s atomic concentrations are 77at% and 23at%,
respectively.  It  approves  the  formation  of  the  NbAl3 inter-
metallic compound.

According to the mechanism suggested for joining metals
during pressing [30], the oxide layers formed on Ti’s surface,
Al,  and  Nb’s  layers  are  broken  during  pressing.  Then,  the
Ti/Al and Nb/Al interdiffusion occurred, and diffusion bond-
ing  was  achieved.  Due  to  Ti’s  lower  melting  point  and  its
rapid diffusion compared to Nb, the solid solution formed at
Ti/Al  interface  is  saturated,  and  TiAl3 intermetallic  com-
pounds will be developed. Nevertheless, the Nb diffusion rate
is  slower  at  the  Nb/Al  interface  due  to  the  higher  melting
temperature [31]. Thus, the Nb/Al solid solution is not satur-
ated, and the intermetallic compound will not be formed. The

TiAl3 intermetallic layer formed in the pressing step is much
more brittle. This layer is fractured during the rolling process
so that the substrate virgin metals are extruded throughout the
initiated  cracks  and  reached  together.  Therefore,  the  inter-
face consists  of  impurity-free  Ti/Al  contact  surface and the
fragmented  TiAl3 intermetallic  compounds,  and  strain  in-
duced  interdiffusion  occurs  according  to  Ma et  al. [32].
However, in the Nb/Al interface, a diffusion layer exists (Fig.
2(a)–(d)),  which forms during hot pressing, so intermetallic
phases  are  not  formed.  The  diffusion  layer’s  nature  is  a
metallic solid solution and is not brittle as intermetallic com-
pounds. Therefore, the diffusion layer is not fractured as in-
termetallic compounds. It is expected that the interdiffusions
of Al and Ti become more and as a result, the nucleation and
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Fig. 1.    (a) BSE image of Ti/Al interface and EDS result of the developed layer (Elt—Element) and (b) BSE image of Nb/Al inter-
face and EDS line scan of Nb, Al across the interface at Ti/Al/Nb laminated composite fabricated by hot pressing.
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Fig. 2.    Microstructures and EDS results of Ti/Al/Nb samples: (a) sample 1 fabricated by hot pressing; (b) sample 2 fabricated by
hot pressing followed by 17% reduction; (c) sample 3 fabricated by hot pressing followed by 52% reduction; (d) sample 4 fabricated
by  hot  pressing  followed  by  77%  reduction;  (e)  sample  5  fabricated  by  cold  rolling  ((a)  SEM  micrograph  and  (b–e)  OM
micrographs).
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growth of the intermetallic layer become easier with increas-
ing plastic strain. It results in the more rapid growth of TiAl3

at higher rolling strains. The intermetallic layer’s thickness at
the Nb/Al interface in the cold-rolled sample after annealing
is very low, illustrating the effect of the Nb/Al diffusion lay-
er formed in high-temperature conditions of pressing on the
growth of the intermetallic layer. This diffusion layer makes
intermetallic nucleation easy. The intermetallic layer’s thick-
ness formed at the Nb/Al interface in sample 5 is very low
because the diffusion layer is not formed during cold rolling
(Fig.  2(e)).  At  the  highest  annealing  time,  holes  will  be
formed in Al side regions as reported [15]. The main reason
for the formation of cavities in Figs. 3 and 4 is related to the
difference between the volume of raw materials and the final
intermetallic phases’ volume. The proposed solution to elim-
inate  these  porosities  is  to  apply  pressure  during  annealing
[33].  Also,  the  formation  of  cracks  in  intermetallic  com-
pounds can be attributed to the brittleness of the intermetallic
compounds  that  may  form  during  the  sample  preparation
process.  The  results  of  the  XRD  analysis  of  samples  an-
nealed at three different temperatures (600, 625, and 650°C)
for 480 min is illustrated in Fig. 5. There are peaks of Ti, Nb,
Al, and peaks of intermetallic compounds (TiAl3 and NbAl3)
at  all  annealing  temperatures.  To  improve  signals  of  inter-
metallic  compounds,  micro-area  XRD was  performed from
TiAl3/Al/ NbAl3 cross-section of a sample annealed at 700°C
for 4 h, which is presented in Fig. 6. Therefore, the XRD res-

ults  confirm the  EDS analysis.  The  results  demonstrate  the
formation  of  TiAl3 and  NbAl3 compounds  at  Ti/Al/Nb  tri-
metal composite. 

3.3. EBSD and TEM analyses of intermetallic layers

EBSD analysis was performed on the TiAl3 intermetallic
layer formed after annealing at 650°C for 480 min, related to
sample 4. The results are presented in Fig. 7. It is evident that
the intermetallic layer’s grain size is adequate at Al/TiAl3 and
Ti/TiAl3 interfacial  sides.  However,  the  grain  structure  is
coarse at central regions of the TiAl3 intermetallic compound.

 

10 µm10 µm 10 µm

(a) (b) (c)

(d) (e)

10 µm
10 µm

Al TiTiAl3
Al TiTiAl3

Al TiTiAl3

Al TiTiAl3Al TiTiAl3

Fig. 3.    SEM micrographs of Ti/Al interface of samples 1 (a), 2 (b), 3 (c), 4 (d), and 5 (e) after annealing at 650°C for 480 min (The
gray islands in the Al layer is TiAl3, confirming the diffusion of Ti atoms).
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It can be concluded that Ti and Al both diffuse through the
intermetallic  layer,  and  TiAl3 nuclei  are  formed  at  both  of
Al/TiAl3 and  Ti/TiAl3 interfaces  while  central  grains  grow
and  coarsen  during  annealing.  The  presence  of  more  fine
grains at the Ti/TiAl3 interface demonstrates rapid diffusion
of Al compared with Ti atoms. This result agrees with some
previous  works  suggesting  that  aluminum  is  the  dominant
diffusing  element  in  the  Ti–Al  couple  [34–35].  The  black
zones through the intermetallic layer are residual Al. This re-
sidual Al has been reported by Mirjalili et al. [36]. They ob-
served the concentration of Al in TiAl3 grain boundaries after
annealing at 650°C for 48 h. Residual Al’s existence demon-
strates  that  the  nucleation  of  TiAl3 has  not  occurred  at  the
Ti/Al interfacial line, but it has occurred in a region. It is de-
duced that TiAl3 nucleation and growth happen in a region,
and a two-phase (TiAl3 + Al) region will be formed. As the
annealing  is  progressed,  the  amount  of  Al  is  reduced. Fig.
7(b) provides the pole figures of the TiAl3 grains formed at

the Ti/Al interface at 650°C. As can be seen, the maximum
peak intensity is about 1.6 R, demonstrating a very weak tex-
ture in the intermetallic layer.

TEM bright-field images of the Nb/Al interface after an-
nealing at 650°C for 480 min (sample 4) are shown in Fig. 8.
The location and the photograph of the film prepared by FIB
are  represented in Fig.  8(a)  and (b),  respectively.  The EDS
results from the three points (indicated in Fig. 8(c)) confirm
the formation of the NbAl3 intermetallic compound at the in-
terface (Fig. 8(d)). Bright-field TEM image (Fig. 8(c)) illus-
trates that the Nb/NbAl3 interface is smooth, and Al/Nb Al3

interface  is  rough  and  rugged.  The  new  NbAl3 nuclei  are
formed  near  the  Nb/NbAl3 interface,  and  consequently,  the
smooth interface will appear near the Nb layer. Coarse grains
are  observed  at  Al/NbAl3 interface,  and  fine  grains  are  ob-
served  at  the  Nb/NbAl3 interface.  This  phenomenon  indic-
ates that only Al atoms diffuse, while Nb atoms do not dif-
fuse  substantially  during  annealing.  Thus,  initially  formed
grains at the A/NbAl3 begin to grow, and new grains will be
formed at the Nb/NbAl3 interface. 

3.4. Morphology  evolution  and  formation  kinetics  of  in-
termetallic compounds during post deformation annealing

The  evolution  of  the  intermetallic  particle  morphology
during  post  deformation  annealing  is  shown  in Fig.  9.  As
mentioned  above,  the  intermetallic  particles  formed  during
the  pressing  stage  are  fractured  during  subsequent  rolling
(Fig. 9(a)), indicated by arrows.

When  they  grow  during  annealing,  their  morphology  is
changed.  The  shape  of  stable  nuclei  is  determined  by  the
particle’s surface energy and volume Gibbs free energy [37].
The  intermetallic  growth  in  the  Al  layer  indicated  that  the
Al/TiAl3 interface’s surface energy is lower than the surface
energy of Ti/TiAl3. The particles should have the lowest sur-
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face energy so that their shape can be transformed from cu-
bic (Fig. 9(a)) to spherical form (Fig. 9(b)).

The  variations  of  the  intermetallic  layer’s  thickness  in
Ti/Al and Nb/Al interfaces with annealing time and temper-
ature  are  represented  in Figs.  10 and 11,  respectively.  As
seen, the thickness of both intermetallic layers increases with
the increase of annealing time and temperature. It is deduced
from the  comparison  of  TiAl3 and  NbAl3 layer  thicknesses
that  annealing  time  and  temperature  affect  the  growth  of
TiAl3 more than the growth of the NbAl3 layer.

Thermodynamics  and  kinetics  of  the  intermetallic  phase

formation are varied in different studies because of the differ-
ence in Ti’s chemical composition and especially Al Percent-
age. Even the oxide layer of the surface affects the kinetics of
intermetallic formation.

In the present study, the oxide layer does not exist at the
Ti/Al interface because a thin layer of TiAl3 is formed during
hot pressing. The intermetallic layer was fragmented during
rolling, and virgin metals contact each other in an oxide-free
surface, but Nb’s oxide layer does not seem to be fractured
completely. The present study findings indicate that anneal-
ing at 600–650°C temperature range results in the formation
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of TiAl3 and NbAl3 (Figs. 1, 4, and 5) at Ti/Al and Nb/Al in-
terfaces, respectively. However, there are other intermetallic
compounds such as TiAl2, TiAl, and Ti3Al at the Ti/Al equi-
librium phase diagram [38].  Other intermetallic compounds
of  Nb3Al  and  Nb2Al  exist  at  the  Nb/Al  equilibrium  binary
phase diagram [38]. The solid crystalline structure of NbAl3

is  ordered in  the  face  center  tetragonal,  and chemical  com-
position changes are narrow around the stoichiometric com-
position. NbAl3 was reported as the first phase formed at sol-
id Nb/solid Al and solid Nb/liquid Al interfaces in previous
studies [20–22]. It was shown that the aluminum concentra-
tion at the surface of the niobium and the mechanical proper-
ties of the metal are the two factors determining the structure
and thickness of the niobium aluminide layers [31]. The reac-
tion rate between Al and Nb is slow due to stable oxide layer
formation on the Nb surface. Besides, the activation energy
of  the  reaction  of  Al  and  Nb  atoms  is  high.  Therefore,  the
formation of Nb-containing intermetallic compounds is diffi-
cult, and the thickness of NbAl3 is lower than the thickness of
TiAl3 (Figs.  10 and 11).  The absence  of  other  intermetallic
compounds is reported by other researchers [26,28,39]. Ac-
cording  to  some  investigations,  the  absence  of  other  inter-

metallic compounds is related to the difficulty in the nucle-
ation of these intermetallic phases. However, some other re-
search relates this to the more rapid diffusion of Al in TiAl3

and  NbAl3 compared  to  other  phases.  Van  Loo  and  Rieck
[27] prepared a diffusion couple containing all  Al–Ti inter-
metallic compounds by annealing at 625°C for 15 h. It was
observed that other intermetallic layers are disappeared, and
only TiAl3 remains.

Therefore, it was concluded that the absence of other in-
termetallic  phases  is  not  related  to  their  nucleation  diffi-
culties. It is due to the fast diffusion of Al in TiAl3 and NbAl3

phases.

T Al
m T Ti

m

T Nb
m T Al

m T Ti
m T Nb

m

According to Dybcov [35] theory, if diffusion of one com-
pound  (or  element)  in  all  of  the  binary  compounds  is  pre-
dominant, only one of the compounds in the binary diagram
phase  will  grow.  The  melting  points  of  Ti,  Al,  and  Nb are
1670,  660,  and  2470°C,  respectively.  For  instance,  the  an-
nealing temperature of  625°C equals  to 0.95 ,  0.37 ,
and 0.25  ( , , and  refer to the melting temper-
ature points of Al, Ti, and Nd).

It is expected that the mobility of Al atoms in Ti alumin-
ides  and  Nb  aluminides  is  more  than  those  of  Ti  and  Nb
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atoms. For example, in the Ti–Al diffusion couple, Van Loo
and Rieck [27] indicated that the predominant diffusion ele-
ment is Al, and TiAl3 only grows at interface apart from the
melting point, and the radius of diffusing atoms affects their
mobility  [35].  The  atomic  radiuses  of  Ti,  Al,  and  Nb  are
0.146, 0.147,  and 0.143 nm, respectively,  which are almost
similar to each other. Thus, Ti and Al atoms diffuse through
the  TiAl3 interface  to  the  opposite  side.  All  diffusing  Al
atoms are consumed by Ti and Nb layers for the intermetallic
growth.  The  sufficient  diffusion  of  Ti  and  Nb  atoms  is
needed  to  nucleate  a  new  intermetallic  phase  in  Ti/Al  and
Nb/Al  interfaces.  The  sole  presence  of  TiAl3 and  NbAl3 at
Ti/Al and Nb/Al interfaces confirms that Al is the predomin-
ant diffusing atom. Non-uniform growth of NbAl3 indicates
that the growth rate is not similar at different crystallograph-
ic directions. Thus, a similar result was not found for TiAl3,
and this layer’s growth is uniform. As mentioned before, the
EBSD  and  TEM  results  demonstrate  that  Ti  and  Al  atoms
diffuse through the TiAl3 layer  and react  with Al  and Ti  at
Al/TiAl3 and  Ti/TiAl3 interfaces,  respectively.  Also,  Al
atoms  diffuse  through  the  NbAl3 layer  and  react  with  Nb
atoms at NbAl3/Nb interface. The formation of a continuous
TiAl3 and  NbAl3 layers  is  followed  by  reactions  (1)  (at
Ti/TiAl3 interface),  (2)  (at  Al/TiAl3 interface),  and  (3)  (at
Nb/NbAl3 interface)  as  mentioned  below  (the  subscripts  of
“dif” and “surf” at these equations refer to diffused and sur-
face atoms, respectively).
3Aldif +Tisurf = TiAl3 (1)

3Alsurf +Tidif = TiAl3 (2)

3Aldif +Nbsurf = NbAl3 (3)
It should be mentioned that in a heterogeneous system ob-

tained  at  constant  time  and  temperature,  no  reaction  was
happened at TiAl3 and NbAl3 bulk material by assuming Ti
and Al as diffusing atoms through TiAl3 and Al atoms diffus-
ing through NbAl3.

The kinetics equation for the growth (dx/dt) of TiAl3 and
NbAl3 can be described by Eqs. (4) and (5), respectively
dx
dt
=

kreacAl1

1+
kreacAl1x
kdiffAl1

+
kreacTi2

1+
kreacAl1x
kdiffTi2

(4)

dx
dt
=

kreacAl4

1+
kreacAl4x
kdiffAl4

(5)

kreac kdiff xwhere the , ,  and  refer to reaction constant, diffu-
sion constant, and intermetallic thickness, respectively. Sub-
title numbers at these equations point to the position of reac-
tions, which is shown in Fig. 12.

kreac kdiff

x

In Eqs. (4) and (5),  and are chemical and physical
constants.  The  equations  can  be  simplified  according  to
Table 4, and thereby the amounts of  (or thickness of the in-
termetallic layers) are relatively high. Eq. (4) can be rewrit-
ten as Eq. (6).
dx
dt
=

kdiffAl1

x
+

kdiffTi2

x
(6)

By integration at t = 0, x = 0 preliminary conditions, the
relation  between  the  intermetallic  layer’s  thickness  and  an-
nealing time can result in a parabolic function (Eq. (7)).

x2 = 2(kdiffAl1+ kdiffTi2)t (7)
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Fig. 12.    Schematic for growth of TiAl3 and NbAl3 intermetal-
lic layers at Ti/Al/Nb diffusion couples.

Table 4.    Average thickness of TiAl3 and NbAl3 layers at dif-
ferent  annealing  times  and  temperatures  obtained  by  MIP
software

T / °C t / min
x / µm

NbAl3 TiAl3

600

30 0.25 0.88
60 0.37 0.96
150 0.69 2.91
210 1.05 3.42
270 1.20 3.51
300 1.50 4.01
360 1.86 4.78
420 1.80 5.10
480 2.31 7.23

625

30 0.34 1.52
60 0.46 2.84
150 0.74 5.83
210 1.37 7.31
270 1.72 7.63
300 1.80 8.51
360 1.86 11.97
420 2.46 12.91
480 2.20 19.85

650

30 0.57 6.82
60 0.63 8.10
90 1.03 8.89
150 1.71 11.91
210 2.29 13.49
270 3.60 15.48
300 3.32 15.49
360 2.87 16.92
420 3.38 15.63
480 6.75 31.83
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xHowever, when  values are less than 1, Eq. (5) can be re-
written as Eq. (8). Integration at t = 0, x = 0 preliminary con-
ditions,  the linear  relation is  obtained between intermetallic
layer thickness and annealing time as Eq. (9).
dx
dt
= kreacAl4 (8)

x = kreacAl4t (9)
kreacAl4

ln∆x

In Eq. (9),  depends on the interface structure, and
the interface controls the kinetics of the NbAl3 growth. Plots
of the  versus ln t for three temperatures obtained using
the data shown in Table 4 for TiAl3 and NbAl3 layers are rep-
resented in Figs.  13 and 14,  respectively.  Linear  regression
analysis for TiAl3 gives straight lines, with values of the kin-
etic  exponent  (n)  of  0.79,  0.72,  and  0.46  at  600,  625  and
650°C, respectively. They are close to 0.5. The kinetic expo-
nent  (n)  of  NbAl3 for  the  temperatures  of  600,  625,  and
650°C is 0.83, 0.79, and 0.85, respectively, which are close to
1. It indicates that Eqs. (7) and (9) are appropriate equations
to describe TiAl3 and NbAl3 intermetallic layers’ growth be-
haviors, respectively. The n = 0.5 suggests that the growth of
the TiAl3 layer is controlled by diffusion, and the growth of
the NbAl3 layer is controlled by interface reaction due to n = 1
[39].

Gibbs free energies for the formation of TiAl3 and NbAl3

intermetallic compounds are as follows [40–41]:
∆GTiAl3

= −40349+10T, J/mol (10)

∆GNbAl3
= −48350+13T, J/mol (11)

The variation of Gibbs free energies during the formation
of TiAl3 and NbAl3 compounds at 650°C is calculated to be
−31 kJ/mol and −36 kJ/mol, respectively. It is indicated that
the chemical potential of NbAl3 formation is higher than the
chemical potential of TiAl3 formation from a thermodynam-
ics point of view, but according to experiments performed in
this  research,  the  formation  rate  of  the  NbAl3 layer  is  very
low compared to the formation rate of TiAl3 layer. 

4. Conclusions

Systematic  research was carried out  to  process  Ti/Al/Nb
multilayer  composites  through  different  deformation  and
subsequent annealing procedures in the present research. The
processed  composites  were  then  subjected  to  annealing  at
different temperatures and times. The main results are sum-
marized below.

(1) For the first  time, tri-metal Ti/Al/Nb laminated com-
posites were fabricated with good bonding between the lay-
ers by hot pressing followed by subsequent rolling.

(2) The increase of the strain in the rolling stage did not
significantly  affect  the  growth  of  the  NbAl3 layer.  On  the
contrary,  the  applied  strain  has  significant  effects  on  the
thickness  of  the  TiAl3 intermetallic  compound.  Therefore,
good thicknesses of TiAl3 and NbAl3 layers can be obtained
by combining pressing and rolling.

(3) At the Ti/Al interface, both Al and Ti are diffusing ele-
ments, but Al is the diffusing element only at the Nb/Al inter-
face. Thus, the equations for describing the intermetallic lay-
ers’ growth at Ti/Al and Nb/Al layers differ.

(4)  The  growth  of  the  TiAl3 layer  follows  the  parabolic
equation at 600–650°C while the growth of the NbAl3 layer
follows  linear  relation  at  all  annealing  temperatures.  The
NbAl3 intermetallic layer’s low thickness is due to the lack of
diffusion of Nb atoms and the high activation energy of Al
atoms’ reaction with Nb atoms. 
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