Available online at www.sciencedirect.com
-y

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 27(2017) 2300-2309

Transactions of
Nonferrous Metals
Society of China

|
e

ELSEVIER

Science
Press

www.tnmsc.cn

Grain growth and thermal stability of nanocrystalline Ni—TiO, composites
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Abstract: The grain growth and thermal stability of nanocrystalline Ni-TiO, composites were systematically investigated. The
nanocrystalline Ni—TiO, composites with different contents of TiO, were prepared via electroplating method with the variation of
TiO, nano-particles concentration. The effect of TiO, content on the grain size, phase structure and microhardness was investigated
in detail. The corresponding grain growth and diffusion mechanisms during the heating process were also discussed. The optimal
microhardness of HVs,270 was achieved for the composite with addition of 20 g/L TiO, nano-particles after annealing at 400 °C for
90 min. The calculation of the activation energy indicated that lattice diffusion dominated at high temperatures for the
nanocrystalline Ni—TiO, composites. It was indicated that the increase of TiO, nano-particles content took effect on restricting the

grain growth at high temperatures by increasing the grain growth activation energy.
Key words: Ni; TiO,; nanocrystalline; grain growth; thermal stability; diffusion mechanism; activation energy

1 Introduction

Nanocrystalline materials have extremely fine
structure and large volume fraction of grain boundaries,
exhibiting unique mechanical properties including high
hardness and high strength. Some of them have been
applied to practical production [1—4]. However, it has
generally been confirmed that pure nanocrystalline
materials are thermally unstable with rapid grain growth
at relatively low temperatures [5—7]. For example,
nanocrystalline nickel shows initiatory grain growth in
the range of 150—300 °C [8]. The large free energy of
nanocrystalline nickel provides a strong driving for grain
growth, which significantly reduces the size-dependent
properties of nanocrystalline nickel [9—11]. Therefore,
potential technological applications of the materials are
restricted by unsatisfactory thermal stability. It is
necessary to find an effective way to improve the thermal
properties of nanocrystalline materials.

Many researches have been conducted to find out
key factors that affect the thermal stability and abnormal
grain growth of nanocrystalline materials, such as type
and concentration of solute atoms or second-phase
particles [6], initial texture [12], initial grain size
distribution [13], and structural defects [14,15]. Besides,

KACHER et al [16] studied the thermal stability of
Ni/NiO multilayers through in-situ TEM, and this

multilayer structure was formed in a certain
concentration of NiO film, indicating that with
increasing NiO content, the thermal stability of

nanocrystalline Ni was shown to increase although
computational and theoretical studies have suggested that
solute atoms can increase the likelihood of abnormal
grain growth. Similarly, second-phase nano-particles are
dispersed into nanocrystalline materials in a stable way,
supposed to achieve an equal effect like multilayer
structure. Related studies [17-21] indicated that the
second-phase nano-particles effectively inhibited the
grain growth of nanocrystalline materials. It is suggested
that second-phase nano-particles significantly enhance
the microhardness of nanocrystalline materials [22—24].
Theoretically, second-phase nano-particles hinder the
lattice diffusion during the grain growth, which has been
verified by related studies mentioned above. But the
effect of the dispersed nano-particles on thermal stability
has not been fully understood. Therefore, the grain
growth and thermal stability of nanocrystalline
composites are required to be systematically investigated
in order to understand the reinforcement mechanism of
the second-phase nano-particles.

Nanocrystalline Ni—TiO, composites were prepared
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in the manuscript in order to investigate the grain growth
and thermal stability of the composites. For good
understanding of the grain growth mechanism for the
nanocrystalline pure metals typically Ni, we focused on
the comparison of the grain growth and thermal stability
of the Ni—TiO, composites with different TiO, contents.
The effect of TiO, content on the grain growth and
thermal stability of the Ni—TiO, composites was
systematically investigated and the corresponding grain
growth mechanism was discussed.

2 Experimental

TC4 plates with dimensions of 20 mm x 20 mm X
2 mm were used as the substrate, which were
mechanically polished with SiC papers to a grit of
#1200. Before electroplating, the specimens were
pre-treated in a solution containing HCI 0.5 mL/L with
HF 0.4 mL/L for 1 min. The concentrations of TiO,
nano-particles were set as 5, 10, 20 and 30 g/L (5, 10,
20 and 30 g/L samples are short for Ni-TiO, composite
samples with different TiO, concentrations). After TiO,
nano-particles were added into the electrolyte and
mechanically stirred at 200 r/min for 1 h, the
electroplating was conducted immediately. At the same
time, the solution was continuously magnetically stirred
at 100 r/min. The electroplating was conducted at
50 mA/cm? and room temperature for 30 min. The TiO,
nano-particles (China New Metal Co., Ltd.) have a
crystalline phase of anatase type, with an average
diameter of 50 nm.

2301

In order to investigate the grain growth process, the
samples were cut into dimensions of 5 mm x 5 mm X
2 mmby wire electrical discharge machining. Isochronal
and isothermal annealing was conducted in air for the
Ni—TiO, nano-composites. During isochronal annealing,
the composites were carried out at temperatures ranging
from 100 to 400 °C for a constant time of 90 min,
whereas for isothermal tests the composites were
annealed at constant temperatures. 200, 250 and 350 °C
were chosen respectively for different time ranging from
30 to 120 min. After annealing, the samples were quickly
pulled out from the furnace and fast cooled in air.

The coating morphologies were analyzed using a
field emission scanning electron microscope (FESEM)
with an energy-dispersive spectroscopy (EDS) system.
The phase structure of the coatings was determined using
X-ray diffraction (XRD) with Cu K, radiation (40 kV,
40 mA). Diffraction patterns were recorded in the 20
range from 40° to 80° at a scanning rate of 0.02 (°)/s.
Three FCC diffraction peaks, i.e., (111), (200) and (220),
were used to calculate the average grain size of
nanocrystalline Ni—TiO, composites using the Scherrer
equation. Moreover, the microhardness of the coatings
was measured at a load of 50 g and a holding time of
15s.

3 Results

3.1 Surface morphologies
Figure 1 shows surface morphologies of the
Ni—TiO, nano-composites with different concentrations

.)» N ,a./-—\ 3

Fig. 1 SEM surface morphologies of Ni—TiO, composites with different TiO, concentrations: (a) 5 g/L; (b) 10 g/L; (c) 20 g/L;

(d) 30 g/L
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of TiO, nano-particles. Large spherical Ni nodules with
sizes of 5—10 um were clearly seen, on which there were
many fine Ni nodules (~200 nm) as shown in the insets
in Figs. 1(a) and (b). The size of the spherical Ni nodules
in Fig. 1(c) is smaller than that in Figs. 1(a) and (b),
which decreases to ~4 um. The shape of the Ni nodules
in Fig. 1(d) is different from that in Figs. 1(a)—(c).
Besides a few spherical Ni nodules, there are more oval
Ni nodules, which indicates a smoother surface for
Ni—TiO, composite with 30 g/L. TiO, compared with
other composites.

3.2 Content of TiO,

EDS spectrum was used to determine the mass
fraction of TiO, in the composites and to confirm a
homogeneous TiO, distribution throughout the thickness
and along the faces of the electrodeposits. Repeated
measurements were performed on the cross-sections of
the composites to measure if any concentration gradients
exist, owing to possible composition fluctuations during
the electrodeposition process. Figure 2 shows the TiO,
content in the composites with different concentrations
of Ti0, nano-particles. The TiO, content was an average
value calculated by three randomly chosen positions and
was calculated based on element titanium content. The
TiO, content for 5 g/L samples amounts to 2.6% (mass
fraction). For 10, 20 and 30 g/L samples, TiO, contents
are 3.3%, 3.9% and 5.6% (mass fraction), respectively.
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Fig. 2 Dependence of TiO, content in composites on
concentration of TiO, nano-particles

According to related literature, GUGLIELMI [22]
put forward a mechanism that the co-deposition of
particles and metal was carried out by two steps. The
first step is that particles are loosely absorbed into the
cathode. The first step is physical absorption and
reversible. In the second step, the charged particles are
strongly absorbed onto the cathode under the action of
electric field. The second step is nonreversible and the
rate controlling step for co-deposition process. The

mathematical model of co-deposition based on the above
theory was experimentally validated in the Ni—TiO,
system. In general, the mass fraction of TiO, is in
parabolic curve relationship with concentration of TiO,
nano-particles. In Fig. 2, parabolic curve relationship
was not completely presented. The mass fraction of TiO,
in the composite increased with the increase of the
concentration of TiO, nano-particles. It can be explained
that the concentration of TiO, nano-particles (30 g/L) in
our experiment is not a saturated value. More TiO,
nano-particles are supposed to be absorbed onto cathode,
and the mass fraction of TiO, will continue to rise until
Ti0O, nano-particles saturate in the solution.

3.3 Phase structure

The effect of annealing on the phase structure of
composites was analyzed from the XRD patterns in
Fig. 3. Summarily, for the Ni—TiO, composite with
different concentrations of TiO,, electrodeposited
nanocrystalline presents obviously preferential growth of
Ni grains along (111) evidenced by the relative
intensities for (111) as seen in Fig. 3. Annealing from
100 to 400 °C did not change preferential growth of Ni
grains along (111) evidenced by the similar relative
intensities of three peaks (111), (200) and (220). With
the concentration of TiO, nano-particles increasing,
preferential growth of Ni grains along (111) is
unchanged. For 5 and 10 g/L samples, annealing above
200 °C resulted in the slight growth of Ni grains along
(200) evidenced by relative intensities of three peaks. For
20 and 30 g/L samples, annealing above 250 °C resulted
in the slight growth of Ni grains along (200) evidenced
by relative intensities of three peaks. Similarly, for all the
Ni—TiO, nano-composite samples, relative intensity of
peak (220) was obviously low even after annealing
above 350 °C.

Therefore, the driving force for grain growth was
probably same for the Ni—TiO, composite with different
concentrations of TiO, nano-particles at these
temperatures, although the transition temperature of TiO,
nano-particles (200 °C) is higher than that of the 5 and
10 g/L samples (250 °C). The 5, 20 and 30 g/L samples
showed similar grain growth and orientation at high
temperature as that at low temperature (Figs. 3(a), (c) and
(d)). However, there is an exception shown in Fig. 3(b),
the relative intensity of peak (200) is almost equal to that
of peak (111), corresponding to the calculation of
activation energy below.

Figure 4 shows the evolution of grain size after
annealing for the Ni—TiO, composites with different
concentrations of TiO, nano-particles. The grain size of
nano-composites was calculated as ~25 nm. The grain
sizes of the Ni—TiO, composite with different
concentrations of TiO, nano-particles were almost stable
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Fig. 3 XRD patterns of composites after annealing at different temperatures with different TiO, concentrations: (a) 5 g/L; (b) 10 g/L;

(c)20 g/L; (d) 30 g/L
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Fig. 4 Dependence of grain size on annealing temperature at
different TiO, concentrations

when the annealing temperatures were below 150 °C.
Therefore, given that the melting point (7},) of Ni metal
is 1453 °C (1726 K), the transition temperature can be
calculated as 0.257,, for the Ni—TiO, composite. For all
the Ni—TiO, nano-composite samples, Ni grains
significantly grew up when annealing was conducted
above the transition temperature. And it can be
concluded that the grain size continued to increase

steadily at high temperatures (above 400 °C). In this
work, TiO, nano-particles were expected to enhance the
thermal stability of the composites. With the content of
TiO, nano-particles increasing, the average grain size of
30 g/L samples was slightly smaller than that of other
samples, and at high temperatures, the difference
between 30 g/L samples and 5 g/l samples was
considerable. It can be concluded that TiO, nano-
particles restrict the grain size during grain growth.

3.4 Microhardness

Figure 5 exhibits the effect of annealing on the
microhardness of the Ni—TiO, composites with different
concentrations of TiO, nano-particles. The 20 and 30 g/L
samples possessed a higher microhardness of HV5,~350
compared to HVs, ~300 of the 5 and 10 g/L samples. The
microhardness of the 20 and 30 g/L samples was kept
at HV5y ~350 when annealing below the transition
temperature(150 °C, 0.257,,), followed by a relatively
steady decline, reaching HVsy ~270 when annealing at
400 °C for 90 min, which is consistent with the changes
of grain size (Fig. 5). For the 5 and 10 g/L samples, the
microhardness decreased from HVsy ~300 to HV5,~210,
which was similar to the 20 and 30 g/L samples.
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Fig. 5 Microhardness as function of annealing temperature for Ni—TiO, composites with different TiO, concentrations: (a) 5 g/L;

(b) 10 g/L; (c) 20 g/L; (d) 30 g/L

4 Discussion

Based on the above experimental results, it is clear
that the distribution of TiO, nano-particles significantly
influenced the grain growth behavior. The detailed
mechanism for grain growth was discussed below.

4.1 Grain growth Kinetics

The grain growth is a thermally activated process.
In order to quantitatively understand the grain
growth process of the traditional and sol-enhanced
nano-composites, an Arrhenius equation is used below:

D" —Dy = Kytexp[-Q/(RT)] )

where D is the average grain size, D, is the initial
(pre-growth) average grain size, n is the grain growth
exponent, K is the frequency term, ¢ is the time, Q is the
activation energy, R is the mole gas constant, and 7 is the
absolute temperature. At a determined temperature, the
grain growth exponent n can be calculated from a plot of
the logarithm of grain growth rate, dD/dt, versus the
logarithm of grain size D according to a mathematic
conversion of Eq. (1) below:

lg(%jz(l—n)lgD+C1 2)

where C| is a constant.

Figure 6 shows the isothermal annealing process for
the grain size evolution as a function of annealing time.
Using the grain growth data shown in Fig. 6, the
logarithm of grain growth rate, dD/df, was plotted
against the logarithm of grain size dD as shown in Fig. 7.
The uncertainty in the plots in Fig. 7 exists due to the
uncertainty inherent to the computation of a derivative
from the data in Fig. 7. The grain growth exponent n
values for 5 g/L samples at 200, 250 and 350 °C were
calculated to be 38.3, 44.3 and 53.5; for 10 g/L samples,
the corresponding values were 15.3, 24.2, and 52.8; for
20 g/L samples, the corresponding values were 13.5, 27.7
and 57.3; and for 30 g/L samples, the corresponding
values were 10.8, 17.3 and 60.1.

The elementary theories of grain growth, either
based on the proportionality of the growth rate to the
interfacial free energy per unit volume [24] or based on
the inverse proportionality of the rate of boundary
migration to the boundary curvature [25], predict a value
of 2 for n. However, most nanocrystalline materials show



Te NIU, et al/Trans. Nonferrous Met. Soc. China 27(2017) 2300—2309

(a) a—200°C
45 0 —250°C
o—350°C
40
g
RS
83
£
<
= 30
O X 1
25
20L . . . . . .
0 20 40 60 80 100 120
Annealing time/min
(©) o —200°C
45 0 —250°C
a —350°C
40
g
RS
83
g
o<
5 30
L
25 .
20L . . . . . .
0 20 40 60 80 100 120

Annealing time/min

Grain size/nm

Grain size/nm

(b) A —200°C
45 0 —250°C
o —350°C
40
35
30 1
i
i
25
20l \ s . . ‘ .
0 20 40 60 8 100 120
Annealing time/min
450 @ A —200°C
0 —250°C
@ — 350 °C
40 I
-
35
30 .
T
25 .
20l ‘ ‘ s s s s
0 20 40 60 80 100 120

Annealing time/min

2305

Fig. 6 Instantaneous grain size as function of annealing time for Ni—TiO, composites with different TiO, concentrations and
annealed at different temperatures: (a) 5 g/L; (b) 10 g/L; (c) 20 g/L; (d) 30 g/L
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n values in a range of 1.5—-40 [6,23,24]. The calculation
of 10, 20 and 30 g/L samples exhibited similarly low
values of n as 15.3, 13.5 and 10.8 respectively, at the
relatively low temperatures, implying similar kinetics for
the grain growth. The significant differences of n
between the relatively high and low temperature ranges
were related to changes of grain growth mechanisms.

4.2 Activation energy

The activation energy Q for the grain growth can be
evaluated from a plot of In( D" —Dj ) versus the
reciprocal of absolute temperature, 1/7, according to a
conversion form of Eq. (1) as follows:

In(D" - Dy) = —(%)+ C, 3)

Due to the variation of n with temperature, the
activation energy Q calculated with Eq. (3) will not be in
such an accuracy. However, the values of n in the
corresponding temperature sections are still rational in
determining the ranges of activation energy Q [6]. In the
present annealing process, given that the transition
temperature was 0.25—0.37,, for both composites, the
values of n were regarded to be 38.3, 15.3, 13.5, 10.8 at
temperatures below 200 °C for 5, 10, 20 and 30 g/L
samples, respectively. Meanwhile, at high temperatures
above (250 and 350) °C, n values were regarded as 44.2
and 53.8 for the 5 g/L samples, correspondingly, 24.2
and 52.8 for the 10 g/L samples. 27.7 and 57.3 for the
20 g/L samples, 17.3 and 60.1 for the 30 g/L samples.

Using the grain size data in Fig. 4, the plots of
In( D" — Dy ) against 1/T are shown in Fig. 8 with two
temperature ranges. Linear relationships were well
observed. Accordingly, the values of O were obtained
from the slope of the straight lines (—Q/R).

At low temperatures below 0.257,, the grain growth
activation energy Q for the 5 g/L samples was calculated
to be 81 kJ/mol (Fig. 8(a;)), 63.8 kJ/mol (Fig. 8(b;)) for
the 10 g/L samples, 33.7 kJ/mol (Fig. 8(c;)) for the
20 g/L samples and 36.5 kJ/mol (Fig. 8(d)) for the
30 g/L samples. Whereas above 0.257,, O was
196242 kJ/mol for 5 g/L samples (Fig. 8(a;)). The
corresponding values for the 10, 20 and 30 g/L samples
were 101-220 kJ/mol (Fig. 8(b,)), 156—329 kJ/mol
(Fig. 8(cp)) and 69.2-240 kJ/mol (Fig. 8(dy)),
respectively. The activation energy for grain boundary
diffusion for nanocrystalline Ni was calculated to be
100—140 kJ/mol in Refs. [26—31] and the corresponding
value for lattice diffusion was reported to be 200—
290 kJ/mol [27,29,32]. Obviously, the present activation
energy values at low temperatures, i.e., 63.8, 33.7 and
36.5 klJ/mol for the 10, 20 and 30 g/L samples
respectively, are much lower than those required for
grain boundary diffusion or lattice diffusion, reflecting

that the grain growth at low temperatures may be
controlled by the re-ordering of grain boundaries.
CHAUHAN and MOHAMED [23] reported that the
activation energy for the re-ordering of grain boundaries
was 11 kJ/mol for electrodeposited nanocrystalline Ni,
which is close to the value of the present Ni—TiO,
composites (Figs. 8(c;) and (d;)). Typically, nano-
crystalline materials have high free energy associated
with the large volume fraction of grain boundary
component [32—34]. Correspondingly, a low energy is
required to relax structure and rearrange atoms at grain
boundaries.

By comparing with the literature values mentioned
above, we can conclude that the grain growth for the
Ni—TiO, composite with different concentrations of TiO,
was controlled by the lattice diffusion at high
temperatures. Different grain growth processes for all
nano-composites were possibly caused by the dispersive
distribution of second-phase nano-particles. It is known
that the resistant force, P, of second-phase particles
against the grain growth is expressed as

3fr
2r

pP= “)
where f'is the volume fraction of second-phase particles,
y is the interfacial energy, and r is the particle size. It is
implied that the composites mixed with the most
second-phase particles should require the highest
activation energy.

However, it can be noticed in Figs. 8(a;)—(d,) that
the variation of activation energy is not expected as the
formula above at high temperature. The addition TiO,
nano-particles was supposed to limit the grain growth
and further influence the diffusion process radically, so
increasing the TiO, content is likely to enhance the
resistant force. According to the results in Fig. 4, the
average grain size at high temperatures proves that the
resistant force of nano-particles exists and with the TiO,
content increasing, the resistant force has been enhanced
to some extent. In the low temperature range, recovery is
the dominant thermally activated phenomenon. In this
process, dislocation movement is the fundamental
assumption [35] and thus an increase in the activation
energy for the grain growth of the composite material
can be attributed to fact that dislocation movement has
been decelerated by the nano-particles. At higher
temperatures, pinning of grain boundaries is the possible
mechanism for the increase of grain growth activation
energy. It seems that nano-particles have great effect in
this process, as the activation energy of 242.2 kJ/mol for
the composite with 5 g/L nano-particles has increased to
329.3 kJ/mol for the composite with 20 g/L nano-
particles.
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Fig. 8 Arrhenius plots of In( D" —Dj) versus 1/T to estimate activation energy for grain growth of Ni—TiO, composites with
different TiO, concentrations: (a;, a,) 5 g/L; (by, by) 10 g/L; (¢4, ¢,) 20 g/L; (d;, dy) 30 g/L
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Meanwhile, there is no similar corresponding
relation in the composite with 10 g/L nano-particles. This
can be attributed to the fact that the grain growth is also
controlled by phase difference among grains. The phase
difference of neighboring grains has significant influence
on the migration of grain boundaries [36]. If there are
high-angle grain boundaries among the grains, migration
velocity of boundaries is accelerated due to the increase
of grain boundary energy and diffusion coefficient. For
nanocrystalline Ni prepared by electrodeposition, (111)
(200) and (220) are common preferential growth of Ni
grains. As shown in Fig. 3, the XRD pattern of the
samples with 10 g/L TiO, nano-particles is quite different
from others. When the samples with 10 g/L TiO,
nano-particles were maintained at 400 °C, the preferred
orientation growth changed from (111) into (200). It
seems reasonable to conjecture that the variation of the
preferred orientation growth affects the activation
energy.

5 Conclusions

1) Ni—TiO, composites with different contents of
TiO, nano-particles were prepared by electroplating. The
microstructure of each Ni—TiO, composite has certain
degree of similarities. The variation of content of
nano-particles changes the mass fraction of TiO, in the
Ni—TiO, composites.

2) Ni—TiO, composite with the highest content of
TiO, nano-particles did not highest
microhardness and the most optimal thermal stability.
Thermal and kinetics analysis indicated that with content

show the

of nano-particles changing, interaction between nano-
particles and Ni nanocrystalline at low or high
temperature was completely different. Calculation of the
energy that
dominated at high temperatures for the nanocrystalline
Ni—TiO, composites.

3) Nano-particles have been fairly effective at high
temperature, as the activation energy of 242.2 kJ/mol for

activation indicated lattice diffusion

the composites with 5 g/L nano-particles has increased to
329.3 kJ/mol for the composites with 20 g/L nano-
particles. However, there is no similar corresponding
relation in the composites with 10 g/L nano-particles.
The variation of the preferred orientation growth may
well influence the activation energy.

4) The related experiment will proceed to describe
the interaction between second phase and nanocrystalline
at high temperature in a more scientific way. Our
experiment provided a theoretical understanding for the
development of thermal stability of -electroplating
composites, which will have potential applications in

Te NIU, et al/Trans. Nonferrous Met. Soc. China 27(2017) 2300—2309

various fields.
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