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Indium diffusion study in a-titanium
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Abstract

The diffusion of implanted In in «-Ti has been studied in the 823-1073 K temperature range by using the Rutherford
backscattering spectrometry (RBS) technique. The measurements show that the diffusion coefficients follow a linear
Arrhenius plot: D(T) = (2.0 £ 1.3) X 10~ ® exp| — (260 + 40) kJ /mol /RT1 m? s~ ', The diffusion parameters D, and Q are
typical of a normal substitutional behavior. Comparison of the present and previous published results of impurity diffusion in
o-Ti does not show evidence for mass or size effects in the diffusion mechanism. © 1997 Elsevier Science B.V.

1. Introduction

Close relationships exist between Hf, Zr and Ti. They
belong to the group IVB of the periodic table, are highly
reactive, transform from bee (B-phase) to hep (a-phase)
structures and, with the exception of Hf in which the
B-phase occurs in a very narrow temperature range, they
show a pronounced positive curvature in their Arrhenius
plots for diffusion in the bcc phase.

While the self-diffusion and substitutional diffusion
behavior in the B-phase was intensively studied [1], the
same did not occur for the a-phase. The paucity of the
experimental data is basically due to two factors: (a) the
rather narrow and low temperature interval studied (due to
the limited stability range of the a-phase) and (b) the small
expected diffusion coefficients (D < 10”7 m? s '), fea-
tures which have strongly reduced the number of possible
analyzing techniques. Self-diffusion in «-Zr [2] and Hf
diffusion in a-Zr [3] resulted in downward curved Arrhe-
nius plots. However, this anomalous behavior was at-
tributed to extrinsic effects, basicaily due to an enhance-
ment of the diffusion by fast-diffusing impurities (such as
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Fe) forming rapidly diffusing and impurity—vacancy pairs.
These impurities have a low solubility and tend to precipi-
tate at lower temperatures, thus explaining the observed
downward Arrhenius curvature [4].

The situation is more promising for a-Ti. The solubility
of the fast diffusing impurities is roughly one to two orders
of magnitude larger than in a-Zr. Then, extrinsic effects as
the ones observed for a-Zr are less likely to occur. First
self-diffusion measurements have rendered a linear Arrhe-
nius plot {5]. However, the activation energy Q = 193
kJ/mol and the pre-exponential factor Dy =17 X 1072
m” s~ found in this work were rather low as compared to
other hexagonal metals and with the values predicted by
the semiempirical rules [6].

More recently, the use of the Rutherford backscattering
(RBS) and heavy ions Rutherford backscattering (HIRBS)
techniques have allowed to measure the diffusivity of
several substitutional elements in «-Ti. Since these tech-
niques have rather good depth resolution, they are quite
suitable for measuring shallow penetration profiles as
should be the case for a-Ti. It was shown that for all the
studied cases the data follow a linear Arrhenius behavior
being the Q and D, values of the diffusion of Hf [7,8], Au
[9], Zr [10], Pb [11] and Sn [12] in «-Ti very close to those
expected for substitutional impurity diffusion. More recent
self-diffusion data in ultra pure «-Ti single crystals [13]
yielded as a result, Dy =1.35% 107> m? s~ ! and Q = 303
kJ/mol, parameters that are quite consistent with those

0022-3115/97 /$17.00 © 1997 Elsevier Science B.V. All rights reserved.

PII $0022-3115(97)00181-5



R.A. Pérez et al. / Journal of Nuclear Materials 249 (1997) 52-57 53

obtained for the above mentioned substitutional diffusers
and with those predicted by the semiempirical rules.

Despite this overall agreement there are still several
open questions. Among them are the following: the diffu-
sion coefficients corresponding to Pb, Au, Hf, Zr and
self-diffusion in a-Ti [7-11,13] lay in a very narrow
interval, the maximum difference, for a given temperature,
being less than one order of magnitude. The exception is
Sn [12] which was shown to be a much slower diffusor as
compared to the other elements. Therefore, it is interesting
to investigate if this is an exceptional case or if there is a
possible systematics behind this behavior.

From the above arguments it can be deduced that it is
interesting to perform more experiments with other impuri-
ties. Among the possible candidates In seems to be a good
one. It has a large solubility in o-Ti [14], an atomic radius
very similar to the host (In, » = 0.1663 nm; Ti, r = 0.1462
nm) [15] and a small difference of valences (In, 3: Ti, 4).
Then, following the Hume—Rothery rules [16], In is a
candidate to diffuse sutstitutionally in a o-Ti matrix by a
vacancy mechanism.

Therefore, in the present work we have studied the In
diffusion behavior in the «-Ti matrix by using the Ruther-
ford backscattering technique. This technique with its fine
depth resolution, is particularly svited for studies such as
the present one, where due to the expected small D
values, the diffusion depths are going to be restricted for
reasonable annealing times to some tens of nm.

2. Experimental procedure and data analysis

Six samples of polycrystalline a-Ti were used in the
present work. The 99.9% pure Ti impurity contents is
described in Table 1. The samples were discs of about 9
mm diameter, and 3 mm thickness prepared as described in
Ref. [10]. In this way, few and large textured grains free of
residual stresses were obtained.

Further, the specimens were In implanted using the 400
kV ion implanter of the Instituto de Fisica, Universidade
Federal do Rio Grande do Sul (IF-UFRGS). The implanta-

Table 1

Impurity content of the o-Ti samples ?
Element Content (png/g)
Al <50

Cu <30

Fe <150

Ni <50

Pb <20

Si <30

o} < 800

N <35

® Impurities at a level lower than 10 pg/g are not quoted in the
present table.
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Fig. 1. Typical RBS spectrum for In as implanted in an o-Ti
matrix.

tion energy was 40 keV and the implanted fluence @ =35
% 10° at/cm?. In this way we have obtained an In peak
concentration C, =5 at.%, well below the maximum solid
solubility of In in a-Ti which is about 10 at.% [14]. All the
implantations were performed in a vacuum better than
107" bar.

Each sample was submitted to several isothermal an-
nealings (within +1 K) for different periods of time. In
order to avoid possible contaminations during the anneal-
ings, the samples were wrapped with tantalum foils and
annealed in a dynamic vacuum better than 107'° bar.
Corrections for heat-up and cooling times were made
whenever the total annealing time was < 7200 s.

The In depth profiles were determined using the RBS
technique through a 800 keV He?* beam from the IF-
UFRGS ion implanter. The backscattered o particles were
detected by a Si surface-barrier detector at a scattering
angle of 165°. The electronic resolution of the system was
better than 13 keV which implies a depth resolution of
around 10 nm. The energy-to-depth conversion was done
using the He?* electronic stopping power as given by the
subroutine RSTOP of the Monte Carlo TRIM program
(version 1995) [17]. A typical RBS spectrum from a
non-annealed sample is shown in Fig. 1.

In order to minimize possible effects of a radiation
damage a fresh area was used after each annealing. How-
ever, previous experiments [9,12] and our present observa-
tions have shown that the a-beam does not produce any
noticeable effect on the diffusion process.

The In part of the RBS spectrum shows, after the
implantation process, a Gaussian shape (see full line in
Fig. 2a). Then, we have performed the same data analysis
as described in Ref. [12]. As a consequence we have
obtained the following expression for the diffusion coeffi-
cient D:

_ P~ Do
4ppot’

(1)

where p is the slope of the penetration profile [log C(x)
vs. (x?)] corresponding to the annealing time, 7, and p,, is
a parametric slope defined in Ref. [12].
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It can be shown [12] that if » isothermal annealings are
performed, then the mean D value of the diffusion coeffi-
cient for a given temperature is represented by the expres-
sion

=|-

13
—p
———, 2
g g 4p, p,(’ ) @
where p has been replaced by p;, p, by p; and t by
(2, — 1)), with j <i.

The main error in the estimation of the diffusion coeffi-
cients basically arises from the reported uncertainties in
the He stopping power which are estimated to be of the
order of 5%. Then the uncertainties attributed to the diffu-
sion coefficients are of the order of 20%.

3. Results

In the present work we have used six different samples.
Each of these samples was submitted to several isothermal
annealings in the 823-1073 K temperature range. The
corresponding annealing times were varied between 1800
and 206.6 X 10* s. In most of the cases, the results
obtained after the first annealing time were disregarded for
two main reasons: (a) the time was too short to obtain a
reliable diffusion coefficient, (b) usually a rearrangement

(a) 5 P —————
— As |mplantsd |
— [ + 1 hour 1
£ + 3hours
® ‘.,",2 hours |
=
=
s
€
[
13
c
S
4] o B
£ - REREREI ]
AVS\‘/X‘“‘H‘..“&‘&O‘WO‘A.
0 ‘ ) TN et LY
0 10 20 30 40 50 60 70 80
Depth (am)
(b) o T
— Asimplanted: |
—_ + 3 hours I
*® !+ 8hows
©
=
] R
g o 1
g AR s
Q Nl A s
€ NG -
8 ~ L A
< ™ Tt
0.2 .
1000 2000 3000 4000
x -xo ( nm2 )

Fig. 2. (a) In part of the RBS spectra of sample 4 for several
diffusion annealing times at 973 K. (b) Penetration profiles corre-
sponding to the RBS spectra of (a).
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Fig. 3. Penetration profiles corresponding to the last annealing for
all the samples.

of the implanted material occurs. This phenomena is no-
ticeable by a slight displacement of the maximum concen-
tration peak (less than 2 nm toward the surface) and a
small amount of In evaporation (less than 15% for the
higher temperatures). In addition, when a similar behavior
was observed in the Pb diffusion studies, the obtained
diffusivity values after the first annealing were one order
of magnitude higher than the ones obtained after the
equilibrium was reached.

It should be stressed that this first annealing was enough
to recover the damage produced by the ion implantation
process. In fact, in a previous experiment [9] it was shown
that the implantation damage is recovered at temperatures
as low as 823 K when the sample is annealed for 1.8 x 10*
s. This feature is in agreement with the data reported by
Hasegawa et al. [18] which demonstrated that irradiated Ti
completely recovers at 400°C. Moreover some present
exploratory channeling experiments (not shown here) have
confirmed that in all cases, the damage induced by the
implantation process has recovered after the first short
annealing time.
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Fig. 4. Arrhenius plot of In diffusion in «-Ti. The full line is a

least square fit of the measured data. The dashed line corresponds
to the data of Ref. [13] (see text).
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Table 2
Summary of the results of the present experiment

D;(m?*s™") D(m®s™ ")

No. Temperature Annealing

x) time (10* s)
1 823 432 NO
206.6 51x1072 (514151072
2 873 1.44 NO

5.76 47x10722
40.32 5.0x107%2
54x10722 (5.0+1.0) 10~ 22

3 93 0.36 NO
1.44 3.7x107%
3.6x1072!

5.76 3.6X1072" (3.6+0.8) 1072

4 973 0.36 NO
1.8%x107%¢
1.08 2.2x10720
1.8x10720

234 2.0%x1072°
20X107%° (2.0+04)10"%

5 1023 0.36 9.5x10720
1.2x1071°

1.08 1.3x107"° (1.2+02)10~"°

6 1073 0.18 40x107'° (4.0+07)10""°

D; are the diffusion coefficients. D are the mean diffusion values
(see text), obtained for each annealing time.

NO: Annealing time was too short in order to get the available D
value.

The temperatures and the corresponding annealing times
used in the present study are quoted in Table 2, Represen-
tative In depth profiles before and after the annealings are
shown in Fig. 2a and the corresponding penetration pro-
files [In C(x)] vs. (x —x,)] are displayed in Fig. 2b. In
addition, in Fig. 3 we show the penetration profiles corre-
sponding to each annealing temperature. As can be ob-
served in all the cases we have obtained straight penetra-
tion profiles, so, the corresponding diffusion coefficients
were deduced according to the equations derived in Sec-
tion 2.

In Table 2 are listed the diffusivities D obtained for
each temperature and for each individual annealing time.
In addition we quote the mean diffusion value D obtained
for each annealing temperature. The corresponding Arrhe-
nius plot is shown in Fig. 4. As can be observed, the
experimental points follows an Arrhenius law

D =Dy 9¢/RT,

where a least square fit (represented by the straight line)
yields the following diffusion parameters:

Dy=(2.0%13)Xx10°*m? s~ and
Q = (260 + 40) kJ /mol.

These parameters are (as will be discussed in the next
section) consistent with a substitutional diffusion mecha-
nism.

4, Discussion

It is generally believed that the vacancy mechanism is
operative for self-diffusion and also for substitutional im-
purity-diffusion. At T, the diffusion coefficients of impu-
rity atoms are expected to differ in not more than about
one order of magnitude from those of the self-diffusion.
More precisely, the diffusion parameters have values which
suggest that the same mechanism operates for both solute
and self-diffusion:

0.1 <D§™/D§"'<10and 0.75 < Q.. / Qe < 1.2, (3)

The present study indicates that the diffusion of In in
a-Ti follows a linear Arrhenius plot. This behavior is
similar to those observed for Pb [11], Au [9], Hf [7,8], Sn
[12), Zr [10], and the self-diffusion studies performed by
Herzig et al. [5,13]. A summary of the present and previ-
ously published data is presented in Table 3 where the
pre-exponential factors D, and the corresponding activa-
tion energies Q obtained for each case are quoted. In
addition, we have included recently published Au [19], Al,
Ga and In [13] in «-Ti diffusion data reported by Taguchi
and lijima [19] and Koppers et al. [13], respectively.

Table 3
Summary of the present and previous published results concerning
substitutional data in a-Ti

Diffuser Technique * D, Q Ref.
(m?s™")  (kJ/mol)
SD IBSy 1.7x107% 193 {51
IBS 59x107% 303 [13]
Pb RBS+HIRBS 5.0X107% 260 [11]
Au RBS 1.9x107° 260 9]
EM. 2.5x10"% 188 [20]
Hf b RBS+HIRBS 23X107° 270 [7.8)
Sn RBS 40x107% 338 [12]
In RBS 20x107% 260 this work
SIMS 31x1073 330 [13]
Zr RBS+HIRBS 43%x107% 304 {10]
Ga SIMS 2.1x107% 295 [13]
Al SIMS 6.6x107% 330 [13]

* IBS: jon beam sputtering, RBS: Rutherford backscattering spec-
trometry. HIRBS: heavy ions RBS, E.M.: electron microprobe.

® The quoted values are results of the combined [7.8] reported
diffusion data.
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An inspection of Table 3 shows several interesting
features. Firstly, with exception of Au data reported in
Ref. [19], and the first self-diffusion study [5], all the other
activation energies lie in the 260-340 kJ/mol energy
range and the D, pre-factors in the 5 X 1076-2.1 X 10~?
m® s~ ! interval. We can disregard the first self-diffusional
result, since as later recognized by the same group [20], the
reported Q value was eventually influenced by a Fe-
vacancy controlled process. In fact a very recent measure-
ment performed in ultrapure o-Ti single crystals have
given as a result Q =303 kJ/mol and D,=5.9x107?
m® s~ [13] confirming in this way the previous assump-
tions.

The experiments performed by Taguchi and lijima [19]
were done using non-high purity o-Ti samples. They
extrapolated the Au diffusion coefficients at infinite dilu-
tion from the concentration dependence of the interdiffu-
sion coefficients, measured in the binary solid-solution
system. Their diffusion parameters D,=2.5 %X 107% m?
s~ and @ = 188 kJ /mol are lower than the ones obtained
by dos Santos et al. [9] for Au diffusion in a-Ti samples of
higher purity, see Table 2. We attribute this difference to
the impurity content of the o-Ti samples used in the
experiment of Ref. [19]. In fact it was observed in a
previous work [12] that the measured D values of Sn in
commercial a-Ti were considerably larger than the corre-
sponding ones obtained in «-Ti samples of higher purity.
This effect could be responsible for the rather high D
values obtained by Taguchi et al. [19] as compared with
those obtained by dos Santos et al. [9]. Secondly, it can be
observed that for all the studied elements the correspond-
ing diffusion coefficients (at the same temperature) are
inside a narrow region of less than one order of magnitude
(see Fig. 5). The exception is Sn which has shown to be a
much slower diffusor, consequently it has (up to the
present) the highest observed activation energy (Q = 338
kJ/mol). On the other side, In which has a similar mass
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Fig. 5. Arrhenius plots for different elements diffusing in o-Ti,
SD represents the self-diffusion data of Ref. [13].

and atomic radius as compared with Sn is characterized by
diffusion coefficients which are inside the same narrow
region as the ones corresponding to the other substitutional
diffusers. Moreover, an inspection of Fig. 5 does not show
indications of mass or size effects on the diffusional
behavior of the substitutional elements in «-Ti.

In the recent DIMAT-96 conference, in addition to the
self-diffusion parameters Al, Ga and In solute diffusion in
a-Ti data [13] (ITTIA group) were reported. The measure-
ments were performed in a short temperature interval
(993 < T <1141 K) near the o < B transition tempera-
ture. Linear Arrhenius plots were observed in all the cases.
In addition it was shown that there is a fair correlation
between the diffusion coefficients of the different elements
and the corresponding atomic size sequence. However, it
should be stated that this correlation is strictly followed by
In, Ga and Al, being the self-diffusion data out of place in
this sequence (see fig. 9 and table 1 in Ref. [13]). As can
be observed the results of Koppers et al. [13] are at
variance with our observations. This shows that, in the best
case, simple relations between radius size and diffusion
coefficients are limited to some elements, in this case, to
those that belong to the IIIA group. On the other hand, that
relation is not obeyed by the IVB group elements Ti, Zr
and Hf as shown by our data.

In Fig. 5 are represented the Arrhenius plots corre-
sponding to the present and Ref. [13] works. As can be
observed the agreement between both sets of data is fairly
good. For the highest common temperature the difference
between both diffusion coefficients is less than 20%, in-
creasing this difference for lower temperatures (being a
factor of 2 for the lowest common one). At present we do
not have an explanation for this behavior. The authors of
Ref. [13] have used ultrapure «-Ti samples. Therefore it
could be possible that the amount of impurities present in
the samples can influence the In diffusional behavior.
However, at the present it is not clear if the difference of
impurity contents in pure (as in the present case) and
ultrapure samples is large enough to play a significant role
in the diffusional behavior in «-Ti. As can be observed
this question remains as an open one, and further experi-
ments should be performed in order to clarify this point.

5. Conclusions

We can summarize the results of the present work as
follows: The present study indicates that In diffuses in
a-Ti following a linear Arrhenius plot in the 873-1071 K
temperature range. The measurements yield an activation
energy Q and pre-exponential D, factor that are expected
for a normal substitutional diffusion behavior. In addition
the present results are in good agreement with previous
ones obtained from self-diffusion and impurity diffusion
data. The diffusion coefficients of all of them (with excep-
tion of Sn) at the same temperatures are within a very
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narrow range of less than one order of magnitude. It
should be also stated that a comparison of our present and
previously published data does not render any evidence for
size or mass effects on the substitutional diffusion process
in o-Ti. Finally, we want to emphasize that it is not clear
what is the influence of the impurities on the diffusional
process when pure or ultrapure a-Ti samples are used. We
believe that more work should be done in order to further
clarify this point.
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