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Abstract—The influence of temperature on the formation of the (0o(Ti) grain-boundary interlayer in alloys Ti—
2wt % Co and Ti—4 wt % Co in the two-phase region (o(Ti) + (BTi) of the Ti—Co phase diagram is studied
in a temperature range of 690—810°C. The growth kinetics of the thickness (A) of the grain-boundary inter-
layer of the (o(T1) phase in the Ti—2 wt % Co alloy is investigated at 750°C. A depends on the annealing time
as ~ 113, The analysis of the results of experimental observations makes it possible to assume that an increase
in A is the manifestation of coalescence of (0(Ti), which is controlled by the bulk diffusion.
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INTRODUCTION

The formation of interlayers of the second phase at
grain boundaries (GBs) strongly affects the mechani-
cal properties of multiphase materials, in particular,
titanium-based alloys, which are often subjected to
quenching and aging for attaining high mechanical
strength [1—4]. For example, the o(Ti) phase often
forms certain “fringes” in ou(Ti, Me) + B(Ti, Me) two-
phase polycrystals of titanium alloys (Me are alloying
elements in titanium) [5—8]. Such “fringes” of the
second phase can substantially affect the properties of
titanium and aluminum alloys, for example, their cut-
ting workability [6], and promote the appearance of
fracture cracks [8, 9]. We assume that the phase mor-
phology in titanium alloys and, in particular, the for-
mation of similar “fringes” can be determined not
only by the bulk phase transitions [5, 7] but also by
grain-boundary phase transformations [10, 11]. The
second solid phase on the GB can either form contin-
uous interlayers and consist of separate particles
[11, 12]. Depending on temperature, equilibrium can
correspond either to continuous interlayers and to par-
ticle chains [10, 13]. The kinetics of formation of GB
second-phase interlayers is an important factor con-
trolling the mechanical properties of alloys. Therefore,
its study and the determination of the influence of the
temperature on it have a large practical value since
these results are used when selecting the thermal treat-

ment parameters providing the optimal characteristics
of multiphase alloys.

The goal of this work is to investigate the influence
of temperature and annealing time on the growth of
GB interlayers in Ti—2 wt % Co and Ti—4 wt % Co
alloys.

EXPERIMENTAL

To prepare Ti—2 wt % Co and Ti—4 wt % Co alloys,
we used titanium of TI-1 grade (99.9%) and cobalt
(99.99%). The concentration of impurities in titanium
TI-1 was as follows, wt %: Fe < 0.005, Si < 0.01, N <
0.002, C <0.07, 0 <0.01, and H < 0.01.

Alloys were smelted in an induction furnace in pure
argon; then they were crystallized under rapid cooling.
Cylindrical (J10 mm) alloy ingots were structurally
and chemically homogeneous over the length. They
were cut into 5 mm thick wafers using a spark cutter.
Their surface was ground and chemically treated to
remove the damaged surface layer. Then some samples
were sealed into evacuated quartz ampoules with a
residual pressure of 4 x 10~* Pa, and quenched in
water. Annealing was performed in a temperature
range of 690—810°C, i.e., in the (oTi) + (BTi) two-
phase region of the Ti—Co phase diagram [14]. The
microstructural evolution kinetics was studied for the
samples of the Ti—2 wt % Co alloy, which were
annealed at 750°C for 45 min, 20 h, and 816 h. The

703



704

GORNAKOVA et al.

Table 1. Average thickness (2A) of GB interlayers and average size (R) of the (BTi) grains in the sample annealed according

to various modes

Annealing parameters Ti—2 wt % Co Ti—4 wt % Co

Temperature, °C Time, h 2A, um R, um 2A, um R, um
Initial state <0.5 — — —

690 720 24 151 24 188

720 720 39 177 34 162

750 0.75 5.2%0.3 — — -

20 123+0.5 — — —

816 42+ 1.0 128 45 169

780 864 54 126 43 163

810 720 58 167 48 156

Undesignated errors of 2A does not exceed 5%.

Table 2. Lattice parameters of the phases and the ratio of the amount of phases in the Ti—4 wt % Co alloy before and after

annealing at 780°C
(oTi) (BT)
Alloy state Lattice parameters, nm :
Fraction, % Fraction, % Lattice parameters
a c a, nm
Before annealing 74.2 0.2952 0.4690 25.8 0.3205
After annealing 80.9 0.2955 0.4689 19.1 0.3201

parameters of all annealing procedures are presented
in Table 1. Then the annealed samples were ground,
mechanically polished, and chemically etched ina 1%
aqueous HF solution to reveal the microstructure.

The microstructural investigations of the samples
and quantitative thickness measurements of GB inter-
layers were performed using images made with a Neo-
phot-32 optical microscope (Germany) equipped with
a Canon Digital Rebel XT digital camera (Japan)
(10 MPx). In particular, average grain size R =
(S/m)!/2, where S is the average grain area, and the
average thickness (2A) of GB interlayers of the (o(Ti)
phase were determined using microphotographs. The
results of these measurements are presented in Table 1.
If the resolution of optical images did not allow mea-
suring the thickness of GB interlayers (in initial alloys
and Ti—2 wt % Co alloys after short-term annealing
procedures at 750°C), then images formed with the
help of a Tescan Vega TS 5130 MM scanning electron
microscope (Czech Republic) equipped with a LINK
energy dispersive spectrometer (Oxford Instruments,
Great Britain) were used for this purpose. This micro-
scope was also used to determine the chemical compo-
sition of the samples revealed by probe scanning over
their surface. The structural phase analysis was per-
formed using a Siemens D-500 diffractometer (Ger-
many) in CukK,, radiation. The phase analysis and cal-
culation of lattice parameters were performed in Pow-
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derCell for Windows Version 2.4.08.03.2000 (Werner
Kraus & Gert Nolze, BAM, Berlin).

EXPERIMENTAL RESULTS
Microstructure of Initial Alloys

Figure la shows the initial (before annealing)
microstructure of the Ti—4 wt % Co alloy. It is formed
by grains whose substructure consists of differently
oriented colonies of alternating elongated lamellaes of
dark and light phases. The appearance of these colo-
nies is the result of quenching the ingots of prepared
alloys. The lamellar colonies are broken at the GB,
and misorientation of lamellaes allows us to clearly
distinguish GBs coated with a thin dark phase layer in
microphotographs. We failed to reliably determine the
chemical composition of these phases because of high
dispersity of the structure; however, it was established
for the less disperse microstructure of alloys after
annealing. The chemical and structural analysis of the
dark and light phases showed that they are (o(Ti) and
(BTi), respectively, according to the Ti—Co phase dia-
gram [14]. The structural analysis of the initial Ti—
4wt % Co alloy confirms this fact (Table 2). Accord-
ing to microanalysis, the average cobalt concentration
in both alloys is close to that specified during their
preparation. We note that their microstructures in the
initial state are similar (Figs. 1a, 2a).
Vol. 57
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Fig. 1. Microstructure of (a) initial Ti—4 wt % Co alloy and (b—f) alloy at various temperatures (SEM). 7, °C: (b) 690, (c) 720,

(d) 750, (e) 780, and (f) 810. The (oTi) phase looks darker.

Influence of the Annealing Temperature
and Cobalt Content on the Alloy Microstructure

It is established that annealing procedures lead to
the destruction of the lamellar grain substructure
(Fig. 1). Imperfection of (o(Ti) lamellas increases with
an increase in the annealing temperature. They are
broken, and bridges appear between the neighboring
lamellas, after which lamellas are combined. In gen-
eral, (0(Ti) lamellas thicken and become shorter with
an increase in the annealing temperature. Micropho-
tographs in Fig. 1 also show that (¢(Ti) GB interlayers
simultaneously thicken (see Table 1 as well), and
boundaries free of (oTi) are formed in grains along
them. The further increase in temperature causes the
formation of isolated (o(Ti) inclusions incorporated
into the matrix consisting of the (BTi) light phase. We
note that the light phase regions are inhomogeneous
in microphotographs. They contain the substructure
which is probably the result of the decay of (3Ti) when
quenching annealed samples in water. This substruc-
ture consists of thin (oTi) and (BTi) layers, which is
confirmed by X-ray structural studies. Unfortunately,
we failed to reliably determine the temperature depen-
dence of the Co concentration in (3Ti) because of a
high error. Almost the entire (oTi) phase is concen-
trated on the GB at highest temperatures (780 and
810°C) in the form of interlayers and/or separate GB

RUSSIAN JOURNAL OF NON-FERROUS METALS

Vol. 57

inclusions. The fraction of (ofTi) decreases with an
increase in temperature according to the phase dia-
gram, which is especially clearly seen when comparing
Figs. le and 1f.

In general, the observed changes in the microstruc-
ture can be considered as the manifestation of its
coarsening. Since the coarsening kinetics, which is con-
trolled by the bulk diffusion at sufficiently prolonged
annealing times, is accelerated with an increase in tem-
perature, several sequential stages of its evolution can be
followed in the microphotographs of Fig. 1.

According to Table 1, the cobalt concentration in
the alloy weakly affects the thickness of GB interlay-
ers, and the average grain size varies insignificantly
overall the studied temperature range.

Influence of Annealing Duration at 750°C
on the Microstructure of the Ti—2 wt % Co Alloy

The analysis of Fig. 2 shows that the (¢(Ti) regions
inside the grain coarsen during annealing at 750°C
with the simultaneous thickening of the (oTi) GB
interlayers (see Table 1 as well). The character of
microstructural changes upon the prolongation of the
annealing time (Fig. 2d is especially clear) indicates
the development of coarsening of the (o(Ti) particles
with the process time (we considered above the coars-
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Fig. 2. Microphotographs (SEM) of (a) initial Ti—2 wt % Co alloy and (b—d) alloy annealed for various times at 750°C. ¢ =

(b) 45 min, (c) 20 h, and (d) 816 h. The (oiTi) phase looks darker.

ening dynamics in the Ti—4 wt % Co alloy with an
increase in the annealing temperature; see Fig. 1).

ANALYSIS AND DISCUSSION OF RESULTS

It is established (Fig. 3) that the average thickness
of the (oTi) GB interlayers in the Ti—Co alloys under
study increases with an increase in temperature.
Annealing of the Ti—2 wt % Co alloy at 7= 750°C for
45 min, 20 h, and 816 h showed that the GB (oTi)
interlayer becomes thicker with the prolongation of
the annealing time (Table 1). To consider its growth
kinetics, we plotted the time dependence of the aver-
age half-thickness of the (oIi) GB interlayer in log—
log coordinates (Fig. 4). It is seen that its experimental
points are approximated well by a straight line with a

RUSSIAN JOURNAL OF NON-FERROUS METALS

slope of 0.31 £ 0.02, which is very close to the value of
1/3. It is known that the growth kinetics of the second
phase during the decomposition of the supersaturated
solution, which is controlled by the bulk diffusion,
usually follows parabolic law A ~ #/2[15]. We note that
this circumstance implies the initial chemical and
structural homogeneity of the matrix. Indeed, it is
known that the structural inhomogeneities of the
matrix such as the GBs can lead to deviations from the
parabolic growth law [15]. It was shown above that the
grain substructure in the initial state (before anneal-
ing) consists of colonies containing (¢iTi) and (BTi)
lamellaes and, consequently, (oTi)/(BTi) interfacial
boundaries. It is natural to assume that the diffusion
along the (ofTi)/(BTi) interfacial boundaries can sub-
stantially contribute to the growth of (¢{Ti) GB inter-
2016
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Fig. 3. Temperature dependence of the average thickness
(2A) of the (oTi) GB interlayer in Ti—2 wt % Co (1) and
Ti—4 wt % Co (2) alloys.

layers. Then the exponent of 1/3 can be governed by
the time dependence of the effective interdiffusion
coefficient (D), which can be associated with

(i) the variation in time of the relative contribution
of the bulk and interfacial diffusion because of a
decrease in the cobalt concentration gradient inside
the grains with increasing time;

(ii) a decrease in density of interfacial boundaries
and, consequently, their contribution to mass transfer
as well as with the elongation of the average diffusion
pathway to the interfacial boundary upon coarsening
of (oTi) lamellas inside the grains with the annealing
time;

(iii) lowering of the concentration gradient with the
prolongation of the annealing time, which can lead to
a decrease in D owing to the possible concentration
dependence of the interdiffusion coefficient.

These three factors can cause a decrease in D g with
time. Under the assumption that A ~ (D.f)"/?, the
expected time dependence of the effective interdiffu-
sion coefficient has the form D 4~ 17173,

We derived an expression which allows us to deter-
mine the effective interdiffusion coefficient from the
data on the interlayer thickness of the growing GB o
phase and its growth time. For this purpose, we con-
sidered the growth of the o-phase layer with concen-
tration ¢, on the boundary of a spherical grain with
radius R from the supersaturated solution with con-
centration ¢, controlled by bulk diffusion (D.g). It isin
equilibrium with the B phase (with concentration Cp)s
which is formed at the o/f interfacial boundary during
the decomposition of the supersaturated solution, at
the boundary of the GB o.-phase layer. It is supposed
that D4 is independent of the concentration.
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Fig. 4. Time dependence of the average half-thickness (A)
of the (0Ti) GB interlayer in the Ti—2 wt % Co alloy.

The equation follows from matter balance at the
o,/ interfacial boundary:
dp dc
o —Cp)— = D — , (1)
( * B) dt a or r=p(1)
where p is the coordinate of the boundary of the -
phase layer and r is the radial coordinate.

The diffusion inside the grain (B phase) is
described as follows:

2
1 de_ a_g + 2@’ )
Deff aT a}" rar

with initial and boundary conditions c(r,f = 0) = ¢,
r< R, and c(p,?) = cp.

The solution of the problem leads to the expression

Doy = (R-A)/(4177), 3)

where, if we consider the cobalt concentration,
parameter A is determined by the equation

Co Co
erfc Cg —C,
Jn? ere®) +l(hj 0. (@
exp (—X ) AN

We calculated the values of the effective mutual dif-
fusion coefficient from the experimental data for the
samples of the Ti—2 wt % Co alloy annealed for vari-
ous times at 750°C with the help of Egs. (3) and (4).
The time dependence of this characteristic in log—log
coordinates having the slope of —1.04 + 0.01 is shown
in Fig. 5. Thus, dependence D, g~ ¢! rather than D, ~
173 takes place. It can be rewritten as (D, ) '/? = const.
This fact indicates that the GB interlayers grow much
more slowly than is expected during the diffusion
decomposition of the supersaturated solution.

No.7 2016
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Fig. 5. Time dependence of the effective mutual diffusion
coefficient found using Egs. (3) and (4) from the data on
the growth kinetics of the (ofTi) GB interlayer in the Ti—
2wt % Co alloy at 750°C.

Consequently, the growth of (o(Ti) GBs is not asso-
ciated with the decomposition of the supersaturated
solution controlled by diffusion in the grain bulk and
along (oTi)/(BTi) GBs. It is probably the result of
coarsening of (ofTi). Indeed, the area of interfacial
boundaries and, consequently, the energy related to
them decreases with an increase in thickness of GB
interlayers. An increase in thickness of the GB inter-
layers caused by the decomposition of the (BTi) super-
saturated solution is probably unobservable since it is
small and finishes after a short time because of the
small thickness of (o(Ti) and (BTi) lamellas in colonies.

Simultaneous coarsening in the grain bulk leads to
spheroidization of lamella plates (in the absence of
considerable anisotropy of the surface tension of inter-
facial boundaries). This process is accompanied by the
development of shape instabilities of platelike lamel-
laes. Shape instabilities are associated with the motion
of lamella ends owing to the preferential dissolution
and the development of thickness nonuniformity of
the plates leading to their partition and connection of
neighboring plates by necks [16]. The above-described
peculiarities of shaping dynamics of lamellaes with the
prolongation of the annealing time can be seen in
Fig. 2. Figure 1 shows similar changes in lamella
shapes with an increase in the annealing temperature.
We note that such behavior of lamellar structures
during coarsening was observed previously in many
studies, for example, in [17—20]. This fact gives us the
basis to consider that an increase in thickness of (¢(T1)
GB interlayers is caused precisely by coarsening.
Indeed, the interfacial boundary associated with the
GB interlayers of this grain has negative curvature on
average for all grains, while the enveloping surface
plotted around the lamella colony in the grain bulk,
similarly to individual lamellaes, has positive average
curvature. This fact determines the driving force of the
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growth of (oTi) GB interlayers, the final result of
which is probably the purification of the grain bulk
with respect to (0(Ti). It seems likely that the growth of
GB interlayers occurs mainly owing to lamellas deter-
mining the shape of the enveloping surface and
depends weakly on the kinetics of variation of the sizes
and shape of other lamellas in the grain bulk.

Thus, it is established that the (ofTi) GB interlayers
thicken during coarsening controlled by bulk diffusion
according to a law close to A ~ #/3. The rise of the average
size in the ensemble of spherical inclusions [21—23], in
the ensemble of cylindrical inclusions [24, 25], and, as
was shown by the authors of [26, 27] within the scope
of the static self-similarity hypothesis, in the ensemble
of inclusions with an arbitrary similar shape as well
follows the same law.

CONCLUSIONS

The influence of temperature and cobalt concen-
tration on the formation of the (0{Ti) GB interlayer in
Ti—2 wt % Co and Ti—4 wt % Co alloys in the (oTi) +
(BTi) two-phase region of the Ti—Co phase diagram is
investigated in a temperature range of 690—810°C.
The growth kinetics of the thickness of the (oli) GB
interlayer in the Ti—2 wt % Co alloy at 750°C is also
investigated. These results allow us to conclude that
the growth of (ofTi) GB interlayers following the law
~f'/3 is determined by the coarsening process con-
trolled by diffusion in the grain bulk.
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