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Diffusion characteristics in the Cu–Ti system

The formation and growth of intermetallic compounds by
diffusion reaction of Cu and Ti were investigated in the
temperature range 720–860 8C using bulk diffusion cou-
ples. Only four, out of the seven stable intermediate com-
pounds of the Cu–Ti system, were formed in the diffusion
reaction zone in the sequence CuTi, Cu4Ti, Cu4Ti3 and
CuTi2. The activation energies required for the growth of
these compounds were determined. The diffusion charac-
teristics of Cu4Ti, CuTi and Cu4Ti3 and Cu(Ti) solid solu-
tion were evaluated. The activation energies for diffusion
in these compounds were 192.2, 187.7 and 209.2 kJ mol–1

respectively, while in Cu(Ti), the activation energy in-
creased linearly from 201.0 kJ mol– 1 to 247.5 kJ mol–1

with increasing concentration of Ti, in the range 0.5–
4.0 at.%. The impurity diffusion coefficient of Ti in Cu
and its temperature dependence were also estimated. A cor-
relation between the impurity diffusion parameters for sev-
eral elements in Cu matrix has been established.

Keywords: Diffusion reaction; Intermetallics; Solid-state
reaction; Kinetics; Activation energy

1. Introduction

Copper– titanium alloys find places in various engineering
applications such as high strength springs, electrical con-
tacts and diaphragms, due to their high yield strength, gen-
erally exceeding 700 MPa in age-hardened condition [1].
These alloys also exhibit outstanding corrosion and wear
resistance and are hence used extensively in bio-medical
applications [2]. Cu–Ti alloys, due to their metallization

capability, are also used in brazing ceramics, such as poly-
crystalline alumina [3]. The Cu–Ti system has been inves-
tigated extensively [1–14] with the primary interest being
phase transformations of various kinds [1, 4–6].

Despite the fact that diffusion plays an important role in
these phase transformations and determines the final prop-
erties of the Cu–Ti alloys, only a few studies have focused
on evaluation of diffusion properties of this system [7–9].
Rexer [7] reported the intrinsic diffusion coefficient of Ti
in Cu-1.1 and 4.1 at.% Ti alloys at 800 and 900 8C, based
on their experiments on boronizing of these alloys. Iijima
et al. [9] evaluated the impurity diffusion coefficient of Ti
in Cu and interdiffusion coefficient in a narrow concentra-
tion range 0–1.5 at.%Ti. Taguchi et al. [8] observed that
six layers of intermetallic compounds formed by the diffu-
sion reaction between Cu and Ti in the temperature range
690–870 8C, but reported the diffusion coefficients of only
Cu4Ti3 and CuTi. Nevertheless, the diffusion behaviour of
the entire Cu(Ti) terminal solid solution, which is decisive
in determining the properties of the commercially used di-
lute Cu–Ti alloys, remains unaddressed. Moreover, diffu-
sion also plays a major role in precipitation and growth of
the metastable b’- and stable b-Cu4Ti phases in these alloys
via the process of spinodal decomposition [1, 5, 15–17],
but no report on the diffusion properties of Cu4Ti is avail-
able in the literature.

A number of studies have also been directed towards dif-
fusion reaction of Cu and Ti [8, 10–12]. While Taguchi et
al. [8] reported the formation of six intermetallic com-
pounds in the Cu–Ti bulk diffusion couple, Oliker et al.
[10] observed only five under similar conditions. Thin film
experiments by Liotard et al. [12] revealed that the first
phase to form at the Cu/Ti interface is CuTi, followed by
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the metastable Cu3Ti in the temperature range 300–475 8C,
while Gershinskii et al. [11] reported the formation of
Cu7Ti2, CuTi and CuTi2 intermetallic compounds in thin
film couples in the range 450–650 8C.

The Cu–Ti reactivity is of significant commercial im-
portance. For example, during the brazing of Ti using Cu–
Ag alloy, the reactivity between Cu and Ti is crucial in
achieving sound joints. Recently, Andrieux et al. [13] ob-
served that four interfacial reaction layers of Cu4Ti, Cu4Ti3,
CuTi and CuTi2 form between Ti and the Cu–Ag alloy
which is in concurrence with the observations of Shiue et
al. [14] during infrared brazing of Cu and Ti. Attempts to
develop coatings of Cu-Ti intermetallic compounds on Cu-
substrate, led to the formation of Cu4Ti and CuTi2 in the
coating layers by diffusion reaction [18]. Hence, a general
agreement on diffusion reaction of the Cu–Ti system does
not emerge from the reported literature.

Recently the Cu–Ti binary phase diagram has also un-
dergone significant modifications on the Ti-rich side [19].
Following a revised thermodynamic assessment of the sys-
tem by Canale and Servant [20], CuTi3 was included in the
six stable intermediate compounds; viz., Cu4Ti, Cu2Ti,
Cu3Ti2, Cu4Ti3, CuTi and CuTi2 that existed in the earlier
phase diagram [21].

The objective of the present study was to provide an in-
sight into the diffusion reaction between Cu and Ti, to de-
termine the sequence of formation of the product phases
and to elucidate the diffusion characteristics of the Cu–Ti
system. The activation energies for the growth of interme-
tallic compounds formed in the diffusion zone were deter-
mined. The diffusion coefficients and activation energy for
interdiffusion in these compounds, Cu(Ti) terminal solid
solution and impurity diffusion of Ti in Cu were also evalu-
ated.

2. Experimental procedure

2.1. Preparation of diffusion couples

Copper of 99.9 wt.% purity (OFHC grade) and titanium of
99.9 wt.% purity, in the form of 10 mm · 10 mm · 4 mm
pieces were used to prepare bulk diffusion couples. The
Cu and Ti pieces were sealed in separate quartz capsules
under He atmosphere and pre-annealed for 48 h at 900 8C
and 1000 8C, respectively, to obtain a strain-free and coarse
grained structure. The joining surfaces of Cu and Ti pieces
were mechanically polished to a surface finish of 1 lm.

These pieces were cleaned ultrasonically with acetone and
then immediately coupled under compressive stress in a va-
cuum hot-press. A compressive stress of 5 MPa and va-
cuum level better than 10–5 mbar was maintained through-
out the diffusion-bonding operation. Mica sheets were
used as spacers on either side of the couple, to prevent con-
tact with the graphite ram of the hot-press. The couples
were bonded at a temperature of 850 8C for 0.5 h and were
then furnace cooled. It may be mentioned here that forma-
tion of TiC on the exposed surface of Ti-pieces during
bonding, requires a partial pressure of CO, pCO ‡ 10–4

mbar, according to the equilibrium thermodynamics of the
Ti–C–O system [22]. However, since the prevailing partial
pressure under dynamic vacuum, pCO&10–6 mbar, was
two orders of magnitude lower than the equilibrium value,
it may be safely inferred that the possibility of formation
of TiC is remote. The fact that the Ti pieces did not lose
their metallic lustre even after the diffusion bonding, con-
firmed that TiC was not formed. Preliminary chemical ana-
lysis of the as-bonded couples using electron probe micro-
analysis (EPMA) across the interface showed excellent
contact with a negligible diffusion width.

2.2. Diffusion annealing of the couples

The diffusion bonded couples were sealed in quartz cap-
sules under He atmosphere, at a residual pressure of
1.5 kPa. The sealed diffusion couples were annealed at dif-
ferent temperatures in the range of 720–860 8C for 120 h
each, in a pre-heated horizontal resistance heating tubular
furnace. The temperature of the furnace was controlled
within ±1 8C, using a proportional type temperature con-
troller. The thermocouple used for temperature measure-
ment was calibrated before the heat treatment and its tip
was kept very close to the diffusion couple. The heat treat-
ment schedule is given in Table 1. On completion of the dif-
fusion annealing, the couples were quenched in water.

2.3. Characterization of the diffusion zones

After annealing, the diffusion couples were sectioned par-
allel to the diffusion direction using a slow speed diamond
saw. The cross-sections of the couples were metallogra-
phically prepared to a surface finish of 0.25 lm and
etched with a solution of H2O, HNO3 and HF in a propor-
tion of 10 :9 : 1 by volume. The cross-sections of the cou-
ples were characterized by using an optical microscope
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Table 1. Experimental conditions for diffusion annealing of the Cu–Ti diffusion couples and the thicknesses of the phases formed in the
diffusion zone.

Couple
No.

Temperature
(8C)

Time
(h)

Thicknesses of the phases formed (in lm)

Cu4Ti Cu4Ti3 CuTi CuTi2 b-Ti

1. 720 120 16 5 25 * #

2. 750 120 18 7 35 * #

3. 780 120 23 8 46 1 8

4. 800 120 26 9 52 2 50

5. 830 120 38 12 56 3 240

6. 860 120 40 14 62 4 520

* Does not form continuous layer, # Does not form.
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and an EPMA equipped with wavelength dispersive spec-
trometers (WDS). A stable electron beam with 20 kV ac-
celerating voltage and beam current of 40 nA was used.
The microstructures of the diffusion zones were recorded
using secondary electron (SE) and back-scattered electron
(BSE) imaging. Pure elemental standards of Cu and Ti
were used for calibration and lithium fluoride (LiF) crys-
tals were used for diffraction of Cu-Ka and Ti-Ka X-ray
lines in the spectrometers, during quantitative analysis.
The standard PAP correction program [23] was used for
atomic number (Z), absorption (A) and fluorescence (F)
corrections. Quantitative analysis on a point-to-point basis
was done at regular intervals of 1–2 lm, by scanning the
sample across the diffusion zones, to determine the con-
centration profile. For each point, the X-ray signals were
counted for 20 s at the peak positions and 10 s each for
the positive and negative background positions for better
statistics. For each specimen, at least three scans were tak-
en at different locations, to attain consistency in the con-
centration profiles.

3. Results and discussion

3.1. Evolution of the interfacial microstructures

It can be noted from the Cu–Ti binary phase diagram [19]
shown in Fig. 1, that the maximum solubility of Cu in a-Ti
is 1.6 at.% at 805 8C and that of Ti in Cu is 8 at.% at
885 8C. Seven stable compounds viz. CuTi3, CuTi2, CuTi,
Cu4Ti3, Cu3Ti2, Cu2Ti and Cu4Ti are seen in the phase dia-
gram. Out of which, only Cu2Ti exists over a narrow tem-
perature range of 870–890 8C.

Figure 2a, b and c show BSE micrographs of the couples
annealed at 720 8C, 780 8C and 860 8C respectively, for
120 h each. The BSE micrographs of the diffusion zones
of the Cu/Ti diffusion couples in Fig. 2a–c clearly show
the formation of various intermetallic compounds in the
form of layers, parallel to the original interface. The relative

widths of these compounds are evident from the micro-
graphs. Since the interfaces between the phases are wavy
in nature, the widths of the layers were not constant
throughout the diffusion zone. Therefore, the widths were
measured at 5 different locations, and the average values
were taken for further calculations.

The micrograph in Fig. 2a clearly shows that three dis-
tinct layers of intermediate compounds were formed at the
interface. The widest layer (of about 25 lm) among the
three, formed just adjacent to Ti, was identified as the CuTi
phase. The next two layers on the Cu-side could be identi-
fied as Cu4Ti3 and Cu4Ti and their widths were 5 lm and
16 lm respectively. The thicknesses of the layers of inter-
metallic compounds formed in the diffusion zone of the cou-
ples are listed in Table 1. A fourth compound of thickness&
1–2 lm was observed to have formed at discrete locations
along the CuTi/Ti interface. Micro-analysis of this phase at
locations where the thickness was relatively large, using
static beam condition in EPMA, revealed a composition
close to CuTi2. The BSEmicrograph for the couple annealed
at 780 8C (Fig. 2b) shows four layers of intermediate com-
pounds and a solid solution phase adjacent to the Ti side. In
addition to Cu4Ti, CuTi and Cu4Ti3, a thin but continuous
layer (about 1–2 lm) of CuTi2 was found to form between
CuTi and Ti. The thickness of these layers increased due to
the increase in annealing temperature. Similar observations
were reported in the related system of Cu–Zr [24, 25]. Bha-
numurthy et al. [24] reported the formation of only two com-
pounds, Cu4Zr and CuZr2, in the temperature range, 600–
704 8C; whereas, Taguchi et al. [25] reported the formation
of six intermediate compounds in the temperature range,
700–880 8C, of which the layer of Cu10Zr7 forms only above
855 8C with an incubation period.

Adjacent to the CuTi2 phase, on the Ti side, a layer of
b-Ti of about 8 lm was also identified (Fig. 2b). This solid
solution layer showed a uniform composition of about 5–
6 at.% Cu. The formation of such a b-Ti layer was attribu-
ted to the diffusion of Cu into Ti. Cu, being a b-stabilizer,
diffuses into Ti and thereby stabilizes a layer of b-Ti. It is
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Fig. 1. Binary alloy phase diagram of the Cu–
Ti system [19].
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interesting to note that two different versions of the Cu–Ti
phase diagram exist in literature, showing disagreement
over the Ti rich part [19, 21]. The earlier version of the
phase diagram [21] shows that the lowest temperature at
which stable b-phase can exist is 790 8C, where the eutec-
toid reaction b-Ti« a-Ti + CuTi2 occurs. With the intro-
duction of the CuTi3 phase in the current version [19], the

eutectoid temperature was modified to 805 8C, the asso-
ciated reaction being b-Ti« a-Ti + CuTi3. It appears,
therefore, that some amount of uncertainty exists regarding
the eutectoid temperature. As the annealing temperature is
very close to the eutectoid temperature, the local equilibri-
um at the interface may get altered due to the presence of
interdiffusion flux of the Cu and Ti atoms across the diffu-
sion zone. This might have led to the formation of the b-Ti
layer. Such formation of b-solid solution phase is com-
monly observed in the diffusion couples of Ti- and Zr-based
systems, especially those which undergo eutectoid transfor-
mations. For example, in the Ti-X and Zr-X systems (X =
Cr, Cu, Ag, Au), the b-Ti and b-Zr solid solution phases ap-
pear in the diffusion zones and exhibit parabolic rate of
growth [26]. As mentioned in Section 2.1, the thickness of
the diffusion zone of the as-bonded diffusion couples was
negligibly small (2–3 lm). Although the major portion of
this diffusion zone is expected to be the CuTi phase [8,
12], a thin layer of b-Ti solid solution may also form. Sub-
sequent furnace cooling could transform the b-Ti layer to
a-Ti and a small fraction of CuTi3. However, such small
volume fraction of the CuTi3 phase in the diffusion zone is
not expected to have significant influence on the interdiffu-
sion of Cu and Ti during the process of diffusion annealing.

Annealing at temperatures higher than 780 8C did not
show the formation of any additional layer of intermetallic
compound. Figure 2c shows a micrograph of the couple an-
nealed at 860 8C, the highest temperature of annealing. As
observed at 780 8C, this micrograph also shows the forma-
tion of Cu4Ti, Cu4Ti3, CuTi and CuTi2 intermetallic com-
pounds. However, the layer of b-Ti was found to have
grown to a large width of 500–520 lm at this temperature.
Therefore, the entire layer could not be shown in Fig. 2c.
The presence of Kirkendall pores could be observed in all
the diffusion couples, close to copper, in the Cu4Ti layer.
Such an observation suggested a higher rate of diffusion of
Cu due to lower melting point. Taguchi et al. [8] observed
a slight movement of markers towards the Cu-rich side
which also indicated a higher diffusion rate for Cu.

3.2. Concentration profiles

The concentrations obtained at different points were plotted
against distance. Figure 3 shows typical concentration pro-
files for the diffusion zones of the couples annealed at
750 8C and 830 8C respectively. The steps in the profiles,
where the composition remains fairly constant over a dis-
tance, correspond to the intermediate compounds formed
in the diffusion zone. The three steps in Fig. 3a confirmed
the formation of CuTi, Cu4Ti3 and Cu4Ti. However, since
the CuTi2 phase does not form as a continuous layer at
750 8C, the step corresponding to it was not found in the
concentration profile. The Cu4Ti3 phase showed negligible
variation in composition within the layer, whereas, in the
cases of CuTi and Cu4Ti, the Ti-concentration varied within
1.3–2.8 at.% and 1.7–2.1 at.% respectively. This was in
accordance with the solubility range of CuTi and Cu4Ti, as
shown in the Cu–Ti binary phase diagram (Fig. 1) [19].
The presence of a solubility range was utilized to determine
the interdiffusion coefficients in these compounds, as de-
scribed in Section 3.5.

The concentration profile for the couple annealed at
830 8C (Fig. 3b) showed the presence of four such steps cor-
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Fig. 2. Back-scattered electron micrographs of the diffusion zones of
the Cu–Ti diffusion couples after annealing at (a) 720 8C, (b) 780 8C
and (c) 860 8C for 120 h each. Different layers formed in the diffusion
zone are labeled.
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responding to Cu4Ti, Cu4Ti3, CuTi and CuTi2. The pre-
sence of a layer of b-Ti with a composition of 5.6 at.% Cu,
was also found in the Ti-side of the diffusion zone. The con-
centration of Cu remained fairly constant throughout the
layer, which indicated that the b-Ti phase did not undergo
any solute partitioning during the process of quenching.
This b-Ti layer was found to grow very fast with rise in tem-
perature. The width of the layer was about 8 lm at 780 8C,
50 lm at 800 8C, 220 lm at 830 8C and at 860 8C it grew to
as large as 500–520 lm. Such a rapid growth of the b-Ti
layer may be attributed to higher rate of diffusion of Cu in
Ti due to a corresponding rapid change in the solubility of
Cu in b-Ti (Fig. 1) [19]. At 860 8C, i. e. the highest tempera-
ture of annealing, the solubility of Cu is as high as 10 at.%.

A continuous variation in the concentration of Ti in the
region between Cu4Ti and pure Cu was indicative of forma-
tion of Cu(Ti) terminal solid solution, as shown in Fig. 3a
and b. The smooth transition of the concentration of Ti from
0% to the solubility limit within the Cu(Ti) region, was uti-
lised to determine the interdiffusion coefficient in this solid
solution phase.

3.3. Sequence of phase formation

Out of the six stable intermediate compounds in the phase
diagram, in the temperature range of study, only four
(Cu4Ti, Cu4Ti3, CuTi and CuTi2) were formed at the diffu-

sion zone. The phases CuTi3 and Cu3Ti2, were not found
to form in the diffusion zone within the resolution of the ex-
perimental techniques used in the present studies. In the
course of a recent investigation on the chemical reactivity
near 800 8C, Cu3Ti2 was found to be systematically absent
in the reaction zone [27]. Andrieux et al. [28] showed, using
isothermal diffusion experiments that the solid-state reac-
tion for the formation of Cu3Ti2 is:

5 Cu4Ti3 þ Cu4Ti ! 8Cu3Ti2 ð1Þ

Being the last stage of a sequence of reactions, Cu3Ti2 has a
long incubation time and proceeds at a very slow rate [28].
Such an absence of stable compounds in the diffusion zone,
in comparison to the phase diagram, is often encountered
and is reported in several systems. For example, Laik et al.
[29] reported that, in the Zr–Al system, out of ten stable
compounds present in the equilibrium phase diagram, only
two formed in the diffusion zone. The absence of stable in-
termediate compounds in the diffusion zone has been a to-
pic of extensive investigation [30, 31]. An excellent review
by van Loo [30] deals with this in detail. Also, Dybkov [31]
has cited more examples of such binary systems, including
the present Cu–Ti system, which show the absence of
stable intermediate compounds in the diffusion zone. The
primary reasons for the absence of a stable compound in
the diffusion zone are attributed to difficulty in its nuclea-
tion in the presence of the adjacent phases and a slow rate
of diffusion within this phase, which is not sufficient to sus-
tain its growth under such conditions.

The sequence of formation of the phases in the diffusion-
zone during diffusion reaction is important in understand-
ing the evolution of the microstructure. A number of mod-
els exist in the literature on prediction of the formation of
the first phase [32–38]. Amongst these, the effective heat
of formation (EHF) model proposed by Pretorius [36, 37]
is the most recent and has successfully predicted the first
phase of formation in many binary systems such as M–Al
andM–Ge (M = metal). The EHF model combines the ther-
modynamic data with the concentrations of the reacting
species at the growth interface. Based on this model, the
EHF, DH’, is defined as:

�H0 ¼ �H0 Ce

Cl

ð2Þ

where, �H0 is the standard heat of formation, Ce is the ef-
fective concentration of the limiting element at the inter-
face, taken as the composition of the limiting element at
the lowest liquidus temperature, and Cl is the concentration
of the limiting element in the compound.

However, Pretorius’ EHF model [36, 37] could not pre-
dict the first phase in some systems, where congruent and
non-congruent compounds are simultaneously present.
Bhanumurthy et al. [39] proposed a modification to the
EHF model by incorporating a congruency factor, �Hf ,
and defined the modified effective heat of formation
(MEHF) as:

�Hm ¼ �H0 þ�Hf
� �Ce

Cl

ð3Þ

Here �Hf is assumed to be equal to the heat of crystallisa-
tion of the compound for congruent compounds and zero
for non-congruent compounds formed at the interface. The
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(a)

(b)

Fig. 3. Concentration profiles across the diffusion zone of the Cu–Ti
diffusion couples annealed for 120 hours at (a) 750 8C and (b) 830 8C.
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congruency factor can be empirically related to the melting
point Tm of the intermediate phase by [39]:

�Hf ¼ 8:31 Tm J mol�1 ð4Þ

The MEHF model was successfully used to predict the first
phase in various systems, for example, Pt –Si [39], Mn–Ge
[39], Fe–Al [39] and Zr–Al [29]. On the basis of this mod-
el, the values of DH’ and�Hm have been calculated for the
compounds in the Cu–Ti system, relevant to the present
study, using the �H0 values reported by Hari Kumar et al.
[40] and Colinet et al. [41]. These values are listed in Ta-
ble 2. CuTi3 is not included in the table due to non-avail-
ability of thermodynamic data. It can be seen that CuTi
has the maximum negative values for both heat of forma-
tion (�H0) as well as MEHF (�Hm) and hence, is expected
to form first at the diffusion zone. As mentioned earlier,
CuTi is the only congruent melting phase and is the widest
of all the phases formed in the diffusion zone. Using first
principle calculations, it was recently shown, that out of
the seven stable and five metastable compounds in the
Cu–Ti system, the most stable phase is CuTi [42]. Hence,
it is expected to form first during the Cu–Ti diffusion reac-
tion. Also, Liotard et al. [12] showed, using careful thin
film experiments, that CuTi is the first phase to form by dif-
fusion reaction.

Once the CuTi phase forms at the Cu/Ti interface, ap-
pearance of additional layers between Cu and CuTi is
decided by the prevailing thermodynamic and kinetic con-
ditions at the Cu/CuTi interface. Since the experimental re-
sults show formation of Cu4Ti and Cu4Ti3 phase layers be-
tween the Cu(Ti) terminal solid solution and CuTi, the
driving forces required for their formation were evaluated,
assuming a local thermodynamic equilibrium at the
Cu(Ti)/CuTi interface.

A terminal solid solution phase (U) can be described as a
single sub-lattice model, where the molar free-energy of the
phase is expressed by the relationship [43]:

G�

m ¼
X

i¼Cu;Ti

x�i
0G�

i þ RT
X

i¼Cu;Ti

x�i ln x�i þ x�Cu x
�

Ti L
�

Cu;Ti

ð5Þ

where, 0G�

i and x�i are the molar free energy of component i
and the mole fraction of i in the phase U, respectively. The
last term of the expression represents the excess free energy
and its composition dependence is given by a Redlich–Kis-

ter polynomial [44]:

x�Cu x
�

Ti L
�

Cu;Ti ¼ x�Cu x
�

Ti

X

n

�¼0

�L�Cu;Ti x�Cu þ x�Ti
� �� ð6Þ

The free energy of the Cu(Ti) terminal solid solution (U =
fcc-A1) was modelled assuming a regular solution behav-
iour (m = 1). The intermediate phases Cu4Ti, Cu4Ti3 and
CuTi were modelled as stoichiometric line compounds (h
= CupTiq). The Gibbs free energy per mole of formula unit
of such a compound is given by [40]:

Gh ¼ ðpþ qÞðah þ bh TÞ ð7Þ
The values of the thermodynamic parameters, ah, bh and
�L�Cu;Tiused in the present calculations were optimised by
Hari Kumar et al. [40] for the Cu–Ti system. Standard Ele-
mental References (SER) were taken as the reference state
and the STGE data for pure elements [45] were used for
the calculations.

The driving force for formation of a compound at the
Cu(Ti)/CuTi interface is determined by the decrease in free
energy of the system due to its formation. The driving
forces for formation of Cu4Ti, Cu4Ti3 were found to be
close to each other, �GCu4Ti & 510 J mol–1 and �GCu4Ti3&

540 J mol–1, which implied almost equal thermodynamic
probability of formation for both. However, as discussed
in a later section, the interdiffusion coefficients of CuTi is
almost an order of magnitude higher than that of the Cu(Ti)
solid solution. Such a condition may lead to a rapid buildup
of the concentration of Ti in Cu(Ti), at the vicinity of the
Cu(Ti)/CuTi interface; possibly resulting in nucleation of
the Cu4Ti phase, since the solubility of Ti in Cu(Ti) is lim-
ited to 8 at.% [21]. Subsequently, the formation of a layer
of Cu4Ti3 at the Cu4Ti/CuTi interface, may be due to a solid
state reaction of the type:

Cu4Tiþ 8CuTi ! 3Cu4T3 ð8Þ
Such a scheme of reaction would necessitate an incubation
period for the formation of Cu4Ti and Cu4Ti3. The work by
Liotard et al. [12] on solid-state reaction of Cu–Ti thin film
provided experimental evidence for the existence of such an
incubation period. It was shown that the second phase in the
diffusion zone (metastable Cu3Ti phase), formed after 4 hrs
of heat treatment at 400 8C [12]. Similarly, Andrieux et al.
[28] showed that though Cu4Ti formed after 11.5 min,
Cu4Ti3 appeared only after 30 min of heating of Ag–Cu–
Ti powder compacts at 790 8C.
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Table 2. The values of heat of formation (�H0), effective heat of formation (DH’) and modified heat of formation (DHm), for the var-
ious intermediate phases in the Cu–Ti system.

Phase Composition
(at.% Cu)

Congruency Limiting
element

�H0 [Ref.] DH’ DHm

(kJ(mol of atom)–1)

Cu4Ti 80.00 NC Cu –5.53 ± 1.07 [41] –5.05 –5.05

Cu2Ti 66.67 NC Cu –5.88 [40] –6.53 –6.53

Cu3Ti2 60.00 NC Cu –9.36 ± 0.6 [41] –11.39 –11.39

Cu4Ti3 57.14 NC Cu –9.65 ± 0.88 [41] –12.33 –12.33

CuTi 50.00 C Cu –11.12 ± 1.72 [41] –16.24 –31.51

CuTi2 33.33 NC Cu –8.20 ± 1.62 [41] –17.96 –17.96

C = Congruent, NC = Non-congruent

In
te

rn
at

io
n
al

 J
o
u
rn

al
 o

f 
M

at
er

ia
ls

 R
es

ea
rc

h
 d

o
w

n
lo

ad
ed

 f
ro

m
 w

w
w

.h
an

se
r-

el
ib

ra
ry

.c
o
m

 b
y
 H

ar
v
ar

d
 o

n
 D

ec
em

b
er

 2
7
, 
2
0
1
4

F
o
r 

p
er

so
n
al

 u
se

 o
n
ly

.



The formation of CuTi2 phase in discrete regions along the
CuTi/Ti interface at lower temperatures, 750 and 780 8C, is
indicative of late nucleation of this compound in the diffu-
sion zone. Therefore, the sequence of phase formation may
be described as: CuTi? Cu4Ti? Cu4Ti3? CuTi2.

3.4. Kinetics of phase growth

The growth of the intermediate phases formed in the Cu–Ti
system was reported to be diffusion controlled and hence
follows a parabolic relationship of the type [8, 12]:

w2 ¼ Kt ð9Þ
where w is the width of the phase layer, K is the parabolic
coefficient and t is the time of annealing. The values of the
parabolic coefficient (K) for each of the compounds were
plotted against 1/T and fitted to straight lines in Fig. 4. The
data points for each compound were fitted to straight lines
using linear regression. Such linear fit in the ln K versus 1/
T plot suggested that the growth of the compounds is a ther-
mally activated process. The coefficient K follows an Ar-
rhenius type of temperature dependence:

K ¼ K0 expð�QK=RTÞ ð10Þ
where, K0 is the pre-exponential factor, QK is the activation
energy for growth, R is the universal gas constant and T is
the temperature in absolute scale. The values of QK and K0

can be determined from the values of the slopes and intercepts
of the straight lines fitted in Fig. 4 and tabulated in Table 3.

The activation energies required for the growth of the
various layers are as follows: QCu4Ti

K = 134.7 ± 2.5 kJ mol–1

for Cu4Ti, Q
Cu4Ti3
K = 134.5 ± 2.3 kJ mol–1 for Cu4Ti3,

QCuTi
K = 119.8 ± 2.9 kJ mol–1 for CuTi and QDZ

K = 131.0 ±
1.1 kJ mol–1 for the entire diffusion zone. The uncertainty
in the activation energy values originates from the uncer-
tainty in the values of the slope of linear regression lines.
It may be mentioned here that since the thickness of the
CuTi2 layer is very small (1–4 lm), the error involved in
its measurement is very high. This leads to a large amount
of uncertainty in the values of the activation energy for this
layer. Therefore, the calculation of the activation energy for
CuTi2 was not attempted and hence not included in Table 3.

The activation energy values of the intermetallic com-
pound layers are compared with those reported in the litera-
ture [8, 11, 12]. Taguchi et al. [8] evaluated the activation
energies for the growth of Cu4Ti3 and CuTi as Q

Cu4Ti3
K =

104 kJ mol–1 and QCuTi
K = 125 kJ mol–1 respectively.

Although the value of QCuTi
K is comparable to the present

values, that of Q
Cu4Ti3
K is lower than those. The values of

QK, calculated using bulk diffusion couples in the present
study, were substantially lower in comparison to that of
the phases, Cu3Ti and CuTi formed in thin film experiments
in the temperature range 350–450 8C (Q

Cu3Ti
K = 175.6 kJ

mol–1 and QCuTi
K = 142.8 kJ mol–1 [12]) and 400–600 8C

(Q
Cu3Ti
K = 171.8 kJ mol–1 and QCuTi

K = 155.4 kJ mol–1 [11]).
However, the values of K0 for CuTi and Cu4Ti3 (Table 3)
are comparable with those reported by Taguchi et al. [8]
(KCuTi

0 = 5.3 · 10–9m2 s–1 and K
Cu4Ti3
0 = 1.3 · 10–11 m2 s–1).

3.5. Diffusion coefficient of compounds formed
in the diffusion zone

The concentration-dependent interdiffusion coefficient ( ~D)
of a binary system is generally evaluated using the Boltz-
mann–Matano (B–M) method [46, 47] using the concen-
tration profile across the diffusion zone. The value of ~D at
any concentration C* can be determined using the relation-
ship:

~DðC�Þ ¼ � 1

2t

dx

dC

� �

C¼C�

Z

C�

C�1

x� x0ð Þ dC ð11Þ

where t is the time of annealing,
dx

dC

� �

C¼C�
is the inverse of

the concentration gradient at concentration C*; C�1 is the
concentration at the extreme left end and x0 is the position
of the Matano interface (MI). Equation (11) can be applied
to both single-phase and multi-phase diffusion couples.
However, in the case of multi-phase diffusion couples, the

concentration gradient inverse
dx

dC

� �

can be approximated
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Fig. 4. Temperature dependence of parabolic coefficient (K) of the
layers of compounds Cu4Ti, Cu4Ti3, CuTi, CuTi2 and the entire diffu-
sion zone formed in the diffusion zone.

Table 3. The values of the activation energy (QK) and pre-exponential factor (K0) for the growth of the compounds formed in the diffu-
sion zone.

Parameter Cu4Ti Cu4Ti3 CuTi Diffusion zone

QK (kJ mol–1) 134.7 ± 2.5 134.5 ± 2.3 119.8 ± 2.9 131.0 ± 1.1

K0 (· 10–9 m2 s–1) 6:37þ4:32
�3:25 0:73þ0:37

�0:21 3:55þ2:48
�2:06 41:02þ26:94

�19:21
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to
�x

�C

� �

within an intermediate phase, assuming linear

variation of concentration with distance. The composition
C* is approximated to the average concentration of the
compound, denoted as C1=2. Therefore, in such cases,
Eq. (11) can be rewritten as

~D ¼ � 1

2t

�x

�C

� �
Z

C1=2

C�1

x� x0ð Þ dC ð12Þ

This method is more popularly known as the Boltzmann–
Matano–Heumann (B–M–H) method [48].

Since the change in total volume of the diffusion couple
upon interdiffusion influences the estimation of the diffu-
sion coefficients, correction related to the variation in molar
volume becomes necessary when the change in volume is
large [49]. Based on the crystallographic data available
[50], the molar volume of the compounds and the b-Ti
phase formed were calculated. An estimation of the total
change in volume in the diffusion couples showed that it
varied within 3–3.5% for all the diffusion couples. More-
over, the lattice parameter of dilute Cu–Ti alloys is known
to be independent of the composition [51]. Therefore, cor-
rection for such negligible change in volume was not
deemed necessary.

It may be noted that for an intermediate phase with a neg-
ligible homogeneity range, DC& 0, the interdiffusion coef-
ficient cannot be evaluated using Eq. (12). However, an in-
tegrated diffusion coefficient [52, 53] can instead be
calculated over a concentration range (DC) by integrating
the interdiffusion flux ~J over the thickness of the compound
layer [w = (x2 – x1)].

~Dint ¼
Z

x2

x1

~Jdx ¼ ~D�C ð13Þ

Out of the four intermediate compounds formed in the dif-
fusion zones of the Cu–Ti diffusion couples, only two of
them, Cu4Ti and CuTi are non-stoichiometric and hence
have solubility range. While Cu4Ti has a solubility range
of 19.1 to 22 at.% Ti [21, 54, 55], CuTi exists between 48
to 52 at.% Ti [21, 56]. The interdiffusion coefficients of
these phases, ~DCuTi and ~DCu4Ti, were evaluated using the
B–M–H method (Eq. (12)) [48] for each temperature of
annealing. The integrated diffusion coefficient in the phase
Cu4Ti3 ( ~D

int
Cu4Ti3

) was evaluated using Eq. (13), since it is a
line compound [19, 21]. Table 4 shows the values of

~DCuTi; ~DCu4Ti and
~Dint
Cu4Ti3

and the variation in the range of
concentration of Ti in these layers, �CCuTi and �CCu4Ti.

In order to determine the temperature dependence, the
values of ~DCuTi; ~DCu4Ti and

~Dint
Cu4Ti3

were plotted against
temperature inverse (1/T) in a semi-log plot as shown in
Fig. 5. The data points for each of these parameters were
fitted to an Arrhenius relation using linear regression:

~D ¼ ~D0 exp
�Q

RT

� �

ð14Þ

The activation energy (Q) and the pre-exponential factor
(D0) for interdiffusion in the phases Cu4Ti, CuTi and
Cu4Ti3 were evaluated from the slope and intercept values
of the plots. The temperature dependence of ~DCuTi,
~DCu4Tiand

~Dint
Cu4Ti3

is expressed as

~DCuTi ¼ 1:79þ1:26
�0:74

� �

�10�4 exp
�187:7� 3:2 kJ mol�1

RT

� �

m2 s�1 ð15aÞ

~DCu4Ti ¼ 5:97þ4:30
�2:49

� �

�10�5exp
�192:2� 3:4 kJmol�1

RT

� �

m2 s�1 ð15bÞ
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Table 4. Interdiffusion coefficients ( ~DCuTi and ~DCu4Ti), range of concentration of Ti (�CCuTi and �CCu4Ti) in the layers of CuTi and
Cu4Ti and the integrated diffusion coefficient ( ~Dint

Cu4Ti3
) in Cu4Ti3, at different temperatures.

Temperature
(8C)

CuTi Cu4Ti Cu4Ti3

~DCuTi

(· 10–14 m2 s–1)

~DCuTi

(at.%)

~DCu4Ti

(· 10–14 m2 s–1)
�CCu4Ti

(at.%)

~Dint
Cu4Ti3

(· 10–14 m2 at.% s–1)

720 2.43 1.3 0.488 1.7 0.938

750 4.89 1.5 1.12 1.7 1.89

780 8.87 1.7 1.89 1.7 3.37

800 11.89 2.0 2.96 1.8 5.08

830 23.70 2.6 5.28 1.9 12.38

860 41.52 2.8 8.90 2.1 20.62

Fig. 5. Temperature dependence of interdiffusion coefficients of CuTi
and Cu4Ti ( ~DCuTi and ~DCu4Ti) and integrated diffusion coefficient of
Cu4Ti3 ( ~D

int
Cu4Ti3

).
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~Dint
Cu4Ti3

¼ 8:94 þ7:67
�4:12

� �

�10�4 exp
�209:2� 4:3 kJmol�1

RT

� �

m2 at:%s�1

ð15cÞ

The values for the diffusion parameters, Q and D0, for the
compounds CuTi, Cu4Ti and Cu4Ti3 are QCuTi = 187.7 ±
3.2 kJ mol–1, DCuTi

0 ¼ 1:79þ1:26
�0:74 � 10�4 m2 s–1, QCu4Ti =

192.2 ± 3.4 kJ mol–1, D
Cu4Ti
0 ¼ 5:97þ4:30

�2:49 � 10�5 m2 s–1,
QCu4Ti3 = 209.2 ± 4.3 kJ mol–1 and D

Cu4Ti3
0 ¼ 8:94þ7:67

�4:12 ·

10�4 m2 at.% s–1.
Taguchi et al. [8] estimated the values of interdiffusion

coefficients ( ~D) for CuTi and Cu4Ti3, using a constant value
of solubility range DC = 1 at.% for both the compounds, at
all temperatures. Since the value of DCwas found to change
by a factor of 2 for CuTi within this temperature range (Ta-
ble 4), such an assumption may lead to erroneous results.
Further, thermodynamic evaluation of the Cu4Ti3 com-
pound showed it to be a stoichiometric line compound with-
out any solubility range, i. e., DC& 0 [19, 21]. As discussed
earlier, in such a situation the evaluation of interdiffusion
coefficient ~DCu4Ti3

is not justified. The diffusion parameters
of Cu4Ti3 determined by using the integrated diffusion coef-
ficient in the present study, therefore, seem to be more real-
istic. The earlier reported values of diffusion parameters of
CuTi, QCuTi = 183 kJ mol–1 and DCuTi

0 = 1.1 �10�4 m2 s–1

[8], are comparable with the present values.

3.6. Interdiffusion coefficient in the Cu(Ti) solid solution

Concentration dependent interdiffusion coefficients ( ~D) in
solid solutions are usually determined by using Boltz-
mann–Matano [46, 47] and Sauer–Freise [57] methods.
However, both these methods attempt to solve Fick’s law
numerically and involve estimation of slopes and areas of
the concentration profiles. A serious disadvantage of using
such a method is that it incorporates a considerable amount
of uncertainty in the values of the slope and area at the ends
of the concentration range, which leads to erroneous diffu-
sion coefficient values [58, 59]. On the other hand, estima-
tion of impurity diffusion coefficients and determination
of the mechanism of diffusion warrants evaluation of inter-
diffusion coefficient at low concentrations with sufficient
accuracy. In order to circumvent this problem, Hall’s analy-
tical solution [58] was used to determine the values of ~D in
the Cu(Ti) solid solution at different concentration values.
The relation for ~D at concentration C* can be expressed as

~DðC�Þ ¼ 1

4h2
þ k

ffiffiffi

p
p

4h2
expðu2Þ 1þ erfðuÞ½ � ð16Þ

The variable u is defined as

C

C0

¼ 1þ erfðuÞ
2

ð17Þ

where C0 is the concentration range (Cþ1 � C�1) and
erf(u) is the error function of u. Here, the variables C and x
are alternatively expressed in terms of u and the Boltzmann
parameter, kð¼ x

ffiffi

t
p

Þ respectively and thus, the concentra-
tion profile is transformed to a plot of u against k. The nat-
ure of variation of such plot can be expressed by a linear re-

lationship, u = hk + k [58]. The values of parameters h and k
are determined from the slope and intercept of the straight
line fitted to the data points of the u–k plot.

The interdiffusion coefficients ( ~D) in the Cu(Ti) solid solu-
tion were evaluated in the entire concentration range, CTi £

5.0 at.%, at intervals of 0.5 at.%, for all the temperatures. As
shown in Fig. 6, the logarithm of ~Dwas found to decrease lin-
early with increase in Ti concentration (CTi) in this concen-
tration range. The data points for each of these temperatures
were fitted to straight lines using linear regression and were
extrapolated to infinite dilution (CTi & 0), to determine the
impurity diffusion coefficient of Ti in Cu matrix.

The temperature dependence of ~D at different composi-
tions (Cu 0.5–4.0 at.% Ti) was determined by an Arrhe-
nius-plot as shown in Fig. 7. The activation energies (Q)
and pre-exponential factors (D0) were evaluated for these
compositions in the Cu(Ti) solid solution, using the Arrhe-
nius relation (Eq. 14). Figure 8 shows that both the parame-
ters Q and logD0 increase linearly with the Ti-concentration

A. Laik et al.: Diffusion characteristics in the Cu–Ti system
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Fig. 6. Variation in the interdiffusion coefficient ( ~D) in the Cu(Ti) sol-
id solution as a function of concentration of Ti (CTi). The impurity dif-
fusivity of Ti in pure Cu (DCu

Ti ) is evaluated by extrapolating
~D to Cu-0

% Ti.

Fig. 7. Temperature dependence of the interdiffusion coefficient ( ~D)
in the Cu(Ti) terminal solid solution.
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(CTi). The composition dependence of Q and logD0, evalu-
ated from Fig. 8 for the range 0.5£ CTi £ 4.0 at.%, can be
expressed as:

logD0ðm2 s�1Þ ¼ ð�4:30� 0:064Þ

þð0:572� 0:024ÞCTiðat:%Þ ð18aÞ

QðkJmol�1Þ ¼ ð191:5� 1:7Þ þ ð14:29� 0:62ÞCTiðat:%Þ
ð18bÞ

It was shown by Nagarjuna et al. [60] that Ti has a pro-
nounced effect of solid solution strengthening in Cu, due
to large atomic size misfit. They also reported a significant
increase in the electrical resistivity of copper by addition
of Ti. It may be assumed that such effects might be respon-
sible for the decrease in the interdiffusion coefficient ( ~D)
with increase in the Ti concentration in the Cu(Ti) solid so-
lution, as observed in Fig. 6. This further explains the in-
crease in the values of D0 and Q with the increase in the Ti
content (Fig. 8 and Eq. (18)).

Iijima et al. [9] evaluated the values of the parameters ~D,
Q and D0 for the Cu(Ti) solid solution following the B–M
method [46, 47], but limited to the concentration range, CTi

£ 1.5 at.% Ti. These values were found to be systematically
lower in comparison to the present values (Fig. 8), possibly
due to inherent deficiency of B–M method in determining
values of ~D at low concentrations [59]. It is interesting to
note that activation energy for precipitation and coarsening
of b-Cu4Ti phase (207 kJ mol–1) from super-saturated
Cu(Ti) solid solution [5] is in good agreement with the acti-
vation energy for interdiffusion in the Cu(Ti) solid solution.
This confirms that the coarsening process of such precipi-
tates occurs by diffusion-controlled growth mechanism.

3.7. Impurity diffusion coefficient of Ti in Cu

The impurity diffusion coefficients of Ti in pure Cu (DCu
Ti )

were determined by extrapolation of the straight lines in

Fig. 6 to infinite dilution CTi? 0, i. e., at Cu-0% Ti. The
values of DCu

Ti at different temperatures are tabulated in Ta-
ble 5. The temperature dependence of DCu

Ti was determined
by plotting the same against temperature inverse on a
semi-log plot, as shown in Fig. 9. A linear regression fitting
of the data points of the plot indicated an Arrhenius-type of
temperature dependence of DCu

Ti (Eq. (14)). The activation
energy (QTi) and pre-exponential factor (DTi

0 ) were deter-
mined from the slope and intercept values of the plot. The
temperature dependence of DCu

Ti along with the probable er-
rors is expressed by the following equation:

DCu
Ti ¼ 9:92þ0:74

�0:42

� �

� 10�5exp
�200:2� 3:4 kJmol�1

RT

� �

m2 s�1 ð19Þ

The earlier reported values of DCu
Ti [9], estimated using the

Boltzmann–Matano method, were lower than those deter-
mined in the present study (Fig. 9). However, the values of
the parameters, QTi (= 196 kJ mol–1) and DTi

0 (= 6.9 · 10–5

m2 s–1) [9], were comparable with the present values. The val-
ues of impurity diffusion parameters, when compared with
those of self-diffusion of copper (DCu

Cu), Q
Cu = 211 kJ mol–1

and DCu
0 = 7.8 · 10–5 m2 s–1 [61], the difference between the

activation energies for impurity and self diffusion, DQ (QTi
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Table 5. Impurity diffusivity of Ti in pure Cu (DCu
Ti ) at different

temperatures.

Temperature
(8C)

DCu
Ti

(· 10–15 m2 s–1)

720 4.3

750 8.9

780 16.8

800 24.1

830 47.8

860 87.2

Fig. 8. Plot showing the linear variation of the activation energy (Q)
and the pre-exponential factor (D0) for interdiffusion in the Cu(Ti) sol-
id solution with concentration of Ti (CTi). The present values are com-
pared with results of Iijima et al. [9].

Fig. 9. Temperature dependence of the impurity diffusivity of Ti in
pure Cu (DCu

Ti ). The present values, determined using Hall’s method,
are compared with results of Iijima et al. [9], determined using Boltz-
mann–Matano (B–M) method.
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– QCu) was found to be –10.8 kJ mol–1. Such negative values
of DQ suggest high binding energy for impurity–vacancy
pairs, according to the theory of vacancy diffusion [62, 63].

The impurity diffusion parameters, QTi and DTi
0 , of Ti

were compared with those of other Cu-X systems (X = Ru,
V, Mn, Cd, Pb, Tl, Sn, Rh, Ni, W, Pd, Fe, Ag, Ga, Ge, Hg,
As, Zn, Au, Cr and Nb) [61, 64]. Several empirical correla-
tions between the pre-exponential factor, D0, and the acti-
vation energy, Q, for impurity diffusion in metals are avail-
able in literature [65–67]. Swalin [66] derived an equation
based on the Lazarus theory [68] to correlate Q and D0. Ac-
cording to Swalin [66], the slope of the plot of log D0 and Q
for different impurity elements in a particular solvent, (d
log D0/dQ), should remain constant.

The values of logD0 and Q for impurity diffusion of var-
ious elements in Cu are plotted in Fig. 10. The data points
in this plot were fitted to straight line using linear regres-
sion. The plot also shows the band for 99% confidence lev-
el. The values for Ti obtained from the present analysis
fitted close to the straight line within this band. The value
of the slope of the straight line (d logD0/dQ = 1.32 · 10–5

mol J–1) is comparable with the values reported by Pelleg
[69] (6.3 · 10–5 mol J–1) for Cu. The value of the slope
seems to be more refined, as the number of data points are
large in number as compared to the earlier report [69]. Later
on, Beke et al. [67] proposed a general expression for im-
purity diffusion. They showed that in a plot of
ln(D

imp
0 =Dself

0 ) versus DQ/Tm, the data points for various im-
purity elements should fall in a straight line. Such a plot for
impurity diffusion in Cu matrix is shown in Fig. 10. Here,
D

imp
0 is the pre-exponential factor for diffusion of the im-

purity atom and Dself
0 is the pre-exponential factor for the

self diffusion in the matrix (Cu in the present case). DQ
(= Qimp–Qself) is the difference between the activation ener-
gies and Tm is the melting point of the matrix. The slope of
the straight line, fitted using least square method, was
4.16 · 10–2 mol K J–1, which is in good agreement with
similar value reported earlier ((4.3 ± 0.9) · 10–2 mol K J–1

by Beke et al. [67]). The impurity diffusion coefficient val-

ue of Ti in Cu evaluated in the present study is therefore
consistent with the related theories suggested by Swalin
[66] and Beke [67].

4. Conclusions

Diffusion reaction between Cu and Ti in the temperature
range of 720–860 8C, using bulk diffusion couples, resulted
in the formation of four layers of intermediate compounds
in the diffusion zone, viz., Cu4Ti, Cu4Ti3, CuTi and CuTi2.
The values for activation energies for the growth of these
compounds were found to be Q

Cu4Ti
K = 134.7 kJ mol–1,

Q
Cu4Ti3
K = 134.5 kJ mol–1, QCuTi

K = 119.8 kJ mol–1. A layer
of b-Ti formed on the Ti side of the diffusion zone at and
above 780 8C, due to stabilization of the b-Ti-layer by diffu-
sion of Cu. CuTi was predicted as the first phase to form in
the diffusion zone, based on the MEHF model, which was
followed by Cu4Ti, Cu4Ti3 and CuTi2 in that sequence.

The interdiffusion coefficients for Cu4Ti and CuTi
( ~DCu4Ti and

~DCuTi) and integrated diffusion coefficient for
Cu4Ti3 ( ~D

int
Cu4Ti3

) were evaluated. The diffusion parameters
for interdiffusion in the compounds Cu4Ti, Cu4Ti3 and
CuTi were: QCu4Ti = 192.2 ± 3.4 kJ mol–1, D

Cu4Ti
0 ¼

5:79þ4:30
�2:49 · 10–5 m2 s–1, QCu4Ti3 = 209.2 ± 4.3 kJ mol–1,

D
Cu4Ti3
0 ¼ 8:94þ7:67

�4:12 · 10–4 m2 s–1, QCuTi = 187.7 ± 3.2 kJ
mol–1 and DCuTi

0 ¼ 1:79þ1:26
�0:74 · 10–4 m2 s–1. The logarithm

of interdiffusion coefficient ( ~D) in the Cu(Ti) solid solution
was found to decrease linearly with increase in CTi in the
entire solubility range. The activation energy for interdiffu-
sion in the Cu(Ti) solid solution varied linearly between
201.0 kJ mol–1 and 247.5 kJ mol–1within the composition
range CTi = 0.5–4.0 at.% Ti. The impurity diffusion coeffi-
cient of Ti in pure Cu, evaluated by extrapolation of ~D to in-
finite dilution (CTi & 0), showed a temperature depen-

dence: DCu
Ti = 9.92 · 10–5 exp

�200:2 kJ mol�1

RT

� �

m2 s–1.

The values of DCu
Ti were found to be consistent with the gen-

eral theories of impurity diffusion.

The authors are grateful to Dr. G. K. Dey, Head, Materials Science Di-
vision, Bhabha Atomic Research Centre, for his keen interest, support
and encouragement in the present work.
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