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Abstract

The Ti—-1Al-8V-5Fe (Ti185) alloys were prepared by spark plasma sintering (SPS) from TiH,, FeV, Al and Fe powders.
The densification mechanism and grain-growth behavior of as-sintered alloys during SPS were investigated at temperatures
of 800-1200 °C. A modified creep model considering liquid phase is proposed to modify the deviation of effective stress.
The result shows that liquid phase caused by low-melting-point elemental powder can increase the effective stress, which
enhances the particle rearrangement and densification. Densification stage at low temperature (800—1000 °C) without obvi-
ous grain growth and grain growth stage at 1100-1200 °C were identified during SPS process. At early densification stage,
it is controlled by diffusion-controlled grain boundary sliding where the stress exponent 7 is close to 1, while at next stage,
it is dominated by dislocation-climbing corresponding to the n close to 3. The grain-growth mechanism of SPS Til85 during
grain-growth stage was under the control of bulk and grain boundary diffusion.

Keywords Spark plasma sintering - Ti—1Al-8V-5Fe alloy - Densification mechanism - Grain growth

1 Introduction

Ti—-1Al-8V-5Fe (Til85) alloy is a metastable f titanium
alloy, which has potential application as aerospace fastener
and automotive spring due to its high ultimate strength
(> 1500 MPa, room temperature), high shear strength
(> 800 MPa, room temperature) and low density (about
4.6-4.7 glcm?®) [1-3]. Despite these advantages, the pro-
duction of Til85 alloy in bulk by conventional ingot pro-
cessing remains a challenge. When addition of Fe in excess
of 2.5 wt% in titanium alloys, it will lead to segregation
of Fe, which results in the formation of inhomogeneous 3
structures (P flecks). These § flecks are detrimental to the
mechanical performance of the Til85 alloy. To reduce the
Fe elemental segregation, the thermal deformation process-
ing and heat treatment are indispensably used in the as-cast
Til85 alloy [4]. Therefore, the cost of the Ti185 alloy is very
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high and approximately fifty times as much as steel, which
limits its development in the market [5].

To reduce the cost of Til85 alloy, powder metallurgy
(P/M) technologies are developed to compact the titanium
alloy. Among the PM technologies, blended elemental
powder metallurgy (BEPM), in which alloying elements
are added to titanium as elemental or master alloy pow-
ders, is one of the most promising to produce low-cost tita-
nium parts. In addition, BEPM is quite versatile, in terms
of microstructural design through alloying and sintering,
and could minimize the need for machining [1, 2, 6-9]. For
example, Joshi [2] prepared Til85 alloy billet by cold iso-
static pressing (CIP) and pressure-less sintering with raw
material powder of TiH, and 1Al-8V-5Fe. Hamid Azizi [6]
manufactured Til85 alloy with compact structure by selec-
tive laser melting of Ti, Fe and Al-V powder. Gao et al.
[7-9] fabricated Til185 alloy with low-cost FeVg, powder
as raw material.

However, it also requires high sintering temperatures and
long soaking times for Til85 alloy by traditional powder
metallurgy route, which usually produced coarse grains.
Thus, it is vital for further thermomechanical processing
and heat treatment to refine grain and improve its strength
[1, 2]. Therefore, more efficient PM sintering techniques,
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such as spark plasma sintering (SPS), which can obtain fine
grains in microstructure, have been proposed.

Spark plasma sintering is a novel, emerging and advanced
powder consolidation method which can provide simultane-
ously application of axial pressure and direct current passes
acting as the heating source by the Joule effect [10]. Due
to the presence of plasma between powder particles, the
powder surface can be activated and sintered to outstand-
ing properties and limited grain growth at low temperature
and short heating time. Over the past several years, SPS
technique has been demonstrated to be an effective route
to consolidate titanium alloys, and other materials [11-16].
However, there are few reports on the preparation of Til185
alloy by SPS. Furthermore, a deep understanding of the
densification mechanism is helpful in establishing relevant
techniques and performing quality control on the final sin-
tered products.

The densification mechanisms of SPS pure metal or
ceramics are considered to be very important and have been
investigated using the creep deformation model proposed by
Bernard-Granger [17-19]. But the densification models of
SPS considering complex alloys especially addition of low-
melting-point elements were rarely studied. During the SPS
process, metal element melting can alter the actual pressure
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Fig. 1 a The schematic diagram for preparation Til85 alloy by spark
plasma sintering; b typical sintering curve of the samples by spark
plasma sintering; ¢ densification rate and relative density as functions
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of the compact. Thus, it is required to consider the effect of
low-melting-point element on the densification mechanisms
during SPS. In this study, the Ti185 alloys were prepared by
SPS using TiH,, FeVy, Fe and Al powder under temperature
of 800-1200 °C. Using the modified creep model, the den-
sification mechanisms and grain-growth behavior of Til185
alloy were discussed in detail.

2 Experimental
2.1 Sample preparation and characterization

Commercially hydrogenated titanium (TiH,) powder with a
particle size of less than 100 pm was used as raw titanium
powder. FeVg, Fe and Al powders with a particle size of
less than 100 pm are blended with TiH, under the protection
of argon according 86Ti:1Al:8V:5Fe (wt%) ratio to obtain
Til85 green powders.

The schematic diagram of preparation of Til85 alloy by
SPS is shown in Fig. 1a. In brief, the green powders were
placed in a graphite mould with a 20 mm internal diameter
which had been lined with thick graphitic sheet previously.
Subsequently, the graphite mould was put into the SPS
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chamber (HP D25/3, FCT Germany). The green powders
were then pre-pressed under an axial force of 5 kN, and
increased to pressure of 40 MPa. All samples were sintered
at temperature of 800—1200 °C for 20-30 min with heating
rate of 100 °C-min~"! under fixed pressure of 40 MPa. After
sintering, the furnace was cooled to room temperature by
water cooling. A typical sintering program is illustrated
in Fig. 1b.

After the SPS experiment, the Til85 specimens were
ground, then polished for characterization. The densities of
the sintered specimens were measured using Archimedes
methods, and the theoretical density was calculated by the
rule of mixtures as 4.65 g/cm®. The microstructure of the
Ti185 alloys was characterized by metallographic micro-
scope (MeF3A) after standard metallographical practice
and etching in Kroll’s reagent for 15-60 s (100 ml H,O,
5 ml HNOj; and 3 ml of 3% HF). The average grain size was
measured from the optical images, which considered at least
twenty images of each sample. The crystalline structure was
carried out using X-ray diffractometry (XRD, D/max2550,
Rigaku) with Cu—Ka radiation. Samples for transmission
electron microscopy (TEM, FEI Tecnai F20) analysis were
prepared by conventional mechanical grinding and polishing
until 50 nm. Holes were introduced by twin-jet electrolytic
polishing, and thin-film areas around these holes were exam-
ined. Electrolytic polishing was conducted with a mixture of
sulfuric acid and methanol (H,SO,/CH;OH=15:95, vol pct)
at — 50 °C and a voltage of 20 V.

2.2 Densification model of SPS

The changes in the height of the sample are determined
by the displacement of the piston. To correct the displace-
ment of the piston, pre-sintering was carried out without
samples to obtain accurate change in height by subtracting
the thermal expansion of the graphite module and press-
ing heads. The instantaneous relative density (D) can be
calculated from the sample height variation as follows:
hy

D= Dy M
where £ is the instantaneous height, &, is the final height of
sample and the Dy, is the final relative density.

Matter transport during sintering with an external
load can be considered as analogous to that occurring
in high-temperature creep. For hot-pressing and SPS, a
densification model was suggested by Bernard-Granger
and Guizard based on the steady-state creep [17-19]. This
creep model has been applied in several ceramic materials
[20-24] and metal materials [25, 26] for understanding the
densification mechanisms during SPS and HP.

According to steady-state creep model, the constituted
kinetic equations can be written as:

ezl 10D Dhab(by'(a)’ o
dt D dt kT \G [T

where € is the creep rate, ¢ the time, A a constant, @ the
diffusion coefficient, b the Burgers vector, k the Boltzmann
constant, T the absolute temperature, G the grain size, p g
the instantaneous shear modulus of the powder bed, o, the
instantaneous effective stress acting on the powder bed, p the
grain size exponent and 7 the stress exponent.

The instantaneous effective stress o4 can be written as
[27]:

1-D,
Ceff = c
eff D2 (D _ Do) mac (3)
where o,,,. the macroscopic compaction pressure applied to

the powder bed, and D, is the starting green density.

It is proposed by Lam et al. [28] that the effective Young’s
modulus of incomplete dense material synthesized by PM
method can be described by:

P
Eeff=Eth<1_FT0> 4)

where E; is the Young’s modulus of the theoretically dense
material, P=/-D is the fractional porosity of sintered sam-
ple and P,=1— D, is the fractional porosity of the green
body. Besides, the effective Young’s modulus, E 4, can
be linked with effective shear modulus y.4 by following
relation:

Eeff Elh D - DO

Mot (1 +vy)  2(1+ ) 1= Dy ©)

where v is effective Poisson’s ratio.
According to the relations above, the Eq. (2) can be trans-
formed as follows:

1 1dD b\ o\

S =k (2) (2 ©)
I“leffD dt T G Hest
where K=Ab®/k is a constant, ¢ the time, O, the apparent

activation energy of the mechanism controlling densifica-
tion, R the gas constant, T the absolute temperature.

3 Results

As mentioned above, E;, is the key parameter for cal-
culating p.4. In general, the Young’s modulus of
Ti-10V-2Fe-3Al alloy [29] and Ti-6A1-4V [30] alloy
is 120 GPa and 65-153 GPa, respectively. The Poisson’s
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ratio of Ti-6Al-4V is 0.33 [30]. Considering that the main
matrix in the sintering process is titanium, we selected key
parameter of titanium (Ey, =115 GPa, v 4=0.33) for calcu-
lation. The D, calculated by Eq. (1) is about 60% when an
applied stress of 40 MPa was reached. The symbols used
in this manuscript are listed in Table 1.

Figure 1c presents the variations of the relative density

d
It appears that a clear peak of the densification rate exists

centered around 750 °C and a short plateau between 700
and 850 °C, showing a significant densification of the
Til85 powders in this temperature range. Correspondingly,
the temperature range of 800—-1000 °C was chosen for the
densification kinetics.

During the sintering process, aluminum will become
a liquid phase before it is diffused into titanium crystal
lattice. When the Al melted, the axial pressure applied to
the graphite die forced the powders to fill up the vacan-
cies and improved their contacts with the other powders,
then the formed liquid Al filled the connected pores within
the matrix (Fig. 2a). Assuming that the solid particles
are identical spheres, the effective density, D,.,, can be
described as:

and densification rate (ll—)d—?) as functions of temperature.

myC
hf B P[h"rz

Dreal = h— m,C Df @)
pr?

where m,, is the mass of the powder, C is the volume ration
of the Al, r is the radius of the die. p,, is the theoretical
density of Til85 alloy. Compared to Eq. (1), the influence
of formed liquid phase on relative density was considered
in this case.

The geometric relationship of the average area S of con-
tact between two adjacent particles is:

D._.—D
— TC( real 0) r(2) (8)
3(1 = Dy)
where r, is the initial particle radius. For the compact under

macroscopic applied pressure o, the average contact
force, f, is expressed as follows:

mac?

4arg 9
B ZDreal Fmac ( )
where Z=12 D, is the contact neighbors per particle [27].

It is assumed that the pressure transfer mainly relies on solid
contact particles at lower relative density stage. The contact
force produces a contact pressure, which corresponds to the
effective applied pressure, o, on each particle contact, then
shown as follows:

f 1 - D,
(e} = —_-=
S Dy’ (Dot — Do)

Crmac (10)

real real

In Bernard-Granger’s original model, effective applied
pressure was calculated by apparent relative density. For the
calculation of liquid phase existence in this experiment, the
D,.,; can be used to obtain the effective stress more accu-
rately. This is proven by Fig. 2b—d, which show the com-
parison of o4 obtained by the original model and by the
liquid-phase model. It shows that the deviation of effective
apparent pressure calculated by Eqgs. (3) and (10) obvi-
ously decreased with the increase of the relative density.
The liquid phase can increase the effective stress o, but
the deviation is small due to the small amount of Al. With
the temperature increase, the effective stress o, decreases
significantly with almost no deviation between two models.
This is due to higher temperature, the relative density of the
sample is larger, and for the same Dy, the value of D, ,; — D,
is larger, leading to the effective stress is smaller according
to Eq. (10).

Table 1 Parameters used

. . N ; Sign Parameter (unit) Value sign Parameter (unit) Value

in calculating densification

mechanism D Relative density (%) - h;  Final height (cm) -
h Instantaneous height (cm) - D;  Final relative density (%) -
D,  Starting green density 60% b Burgers vector -
R Gas constant (J/(mol-K)) 8.314 k Boltzmann constant (1072 J/K) 1.38
T Temperature (°C) 800-1200 G Grain size (pm) -
P Grain size exponent - N Stress exponent -
Mo Instantaneous shear modulus (MPa) — E;  Young’s modulus (GPa) 115
o Instantaneous effective stress (MPa) — vy  Effective Poisson’s ratio 0.33
Omac  Macroscopic pressure (MPa) 40 Q4 Apparent activation energy (kJ/mol) —
D,., Effective relative density (%) - m,  Mass of raw powder (g) 10
C Volume ration of the Al (%) 1.37 pu Theoretical density (g/cm3) 4.65
r Radius of the die (cm) 1 m Grain-growth exponent -
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Fig.2 a Schematic diagram of formation process of liquid phase and process of dehydrogenation; b—d Deviation of o, at dwell stage of 800—
1000 °C (Modified-L is the modified effective stress considering the liquid phase)

Figure 3a shows the densification curves obtained
by SPS at different temperatures when the soak time is
fixed at 20 min. The relative density of all the curves
increased quickly with sintering time and then reached
a sluggish rate period. The higher the temperature, the
higher the relative density D, whatever the soak time. It
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Fig.3 a Continuous densification curves of Til85 samples obtained
by SPS at different temperatures under pressure of 40 MPa. Inset: the
densification curves of different temperature when the soak tempera-

is worth mentioning that as the sintering temperature is
over 900 °C, the relative density is more than 95%. This
showed the great cost reduction advantage of SPS: the
sintering temperature is reduced by more than 150 °C and
sintering time reduced by two-thirds compared with the

traditional PM technologies.

S &8 & & 38
Relative density(%)

o
[

ture is reached and for a soak time of 20 min; b Evolution of grain
size and relative density of Til85 at different sintering temperatures

(=30 min, P=40 MPa)
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Figure 3b presents the grain size and relative density
evolutions as functions of temperature. Clearly, based
on the evolution of grain growth, the sintering process
can be divided into two stages; at the densification stage
(800-1000 °C), the relative density increases quickly from
92.1 to 96% without apparent grain growth. Nevertheless,
the grain size grows rapidly from about 20 to 55 pm as the
temperature increases to 1200 °C. The microstructures of
Ti185 samples for different temperatures are provided in
Fig. 4. Equiaxed grain was generally observed and the orig-
inal powder shape disappeared, indicating transformed to
the later stage of densification with high relative density. In

-5
E

addition, the residual porosity was found to be dependent on
the sintering temperature. At temperatures of 800—1000 °C,
a few closed and spherical pores are observed. Unlike lower
temperatures, few pores exist in higher temperatures (1100,
1200 °C). What is more, grain size grows nonlinearly during
1100-1200 °C (Fig. 3b), more coarse grains (G >55 pm)
are observed at 1200 °C when the final relative density D
reaches 98%. Compared with the traditional melting casting
and CIP P/M sintering [8, 9], the grains of SPS are signifi-
cantly smaller.

Figure 5 shows typical XRD pattern and TEM pictures
of Til85 sample sintered at 1000 °C. The major phase of

S e

m_—_ |

Fig.4 Typical microstructure of the Til85 samples sintered at §00—1200 °C (=30 min, P =40 MPa)

(a)

Intensity (a.u.)

(d) Titanium hydride

phase = |

Grain /

boundary —»

Fig.5 Representive X-ray diffraction pattern (a) and TEM images (b—d) along [;ll]ﬁ axis of Til185 sample sintered by SPS at 1000 °C for

30 min
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sample is B-Ti, which is more suitable for hot-working com-
pared to other structure, such as bimodal and basketweave
structures. Some titanium hydride (TiH, 5) can be identi-
fied for non-completely dehydrogenated during sintering
(Fig. 5a). As the connection between the particles becomes
dense, the hydrogen atoms need to diffuse through the outer
Ti layer to escape, and the dehydrogenation rate of titanium
hydride will reduce, leading to some residual hydrogen in
the sample. From the TEM pictures obtained along [111],
axis (Fig. 5b—d), we noticed the lamellar titanium hydride
(TiH, 5) with submicron widths and several microns long
clearly. The lamellar TiH, 5, may be, is undesirable with
respect to mechanical properties, particularly fatigue perfor-
mance, but it can be removed or deformed by subsequently
heat treatment and hot-working.

4 Discussion
4.1 Densification mechanism

To make a suggestion concerning the densification mecha-
nism of the blend raw powder during SPS, it is critical to
evaluate the key densification parameters 7, p and Q, in rela-
tion (6). Hence, grain size may be assumed to be constant
when the temperature is in the range 800-1000 °C (Fig. 3b).
In this case, the value of p should be left out in consideration
of that (b/G) is a constant. Here, the n can be more easily
calculated assuming Q, is a constant value at the temperature
range. In this case, the relation (6) can be transformed to:

c
ln<ild—D> = nln(iﬂ) + K,
ueffD dt Hefr
where K| is a constant for a fixed sintering temperature.
Then, the slopes of the different straight lines can be

1)

obtained by drawing the Eq. (11) and it corresponds to the
n values of different temperatures.

Figure 6a shows the variation of ln(L 1 @) in function

Hefp

of ln(%) for different soak temperatures. It is obvious that
eff

n exhibits different values, which represent different stress
levels act on the powder compact. For the low effective com-
paction stress, n is about 1, the curve corresponds to the
early stage of dwelling at 800—-1000 °C. At the later stage of
dwelling at 800-1000 °C, the stress exponent of n shows a
high value which is close to 3. At this point, it appears that
different mechanisms may be invoked for the control of den-
sification during SPS of the Til85 blend powder selected.
The n values turn to 4.4 and 6.36 when the dwelling tem-
peratures are 1100 °C and 1200 °C.

With the n value established, the relation (6) can be trans-
formed as follows to evaluate Qg4, assuming a constant value
for n and p for a given value of the activation energy:

ln<l<@>"1@> __
ueff cseff D dt

where K, is a constant. The slope of the straight line obtained

n
. T (ug )" 1 dD
when drawing In( — (”ﬁ> -=
Hetr \ O /D dt

the value of — Q/R. From relation (12), the values of D need
to be determined first, and the function édd—lt) should be
determined.

Figure 6b draws the variation of L dit) as a function of rela-
tive density D. To calculate Q,, two values of % Ci]—]? have then
been chosen at different stages: 0.003 s~! corresponding to
low effective compaction stress exponent (= 1); 0.0005 s~
corresponding to high-effective compaction stress exponent
(n=3).

By now, the corresponding relative density values can be
obtained, which enables the calculation of the corresponding

n
values of 6. and p . Hence, the value of ln< L (M ) Ldb )
Hett \ et /D dt

12)

= —f(%) corresponds to
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Fig.6 a Effective stress exponents calculated with Eq. (11) for differ-
ent SPS temperatures. The stress exponent values are the slopes of the
straight lines; b the curves of different sintering temperature to deter-
mine the values of % % and the corresponding relative density values

when n is 1 or 3; ¢ Apparent activation energy for densification, Qy,
when effective stress exponent n is 1 and 3. The slope of the straight
lines is — Q4/R
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as a function of I/T can be drawn, as shown in Fig. 6c¢.
According to Eq. (12), the slope of the fitting line corre-
sponds to the value — Qy/R; thus, two values of Q4 can be
calculated: Q,4=63.8 kJ-mol~! when n=1;
Q,=124.3 kI-mol~! when n=3.

For Ti—Al-V-Fe alloy, Yang [31] studied the solid-state
sintering behavior of Ti-10V-2Fe-3Al (Ti 1023) by P/M
technique and determined that their apparent activation
energy Q4 was 163 + 13 kJ-mol™!, while Panigrahi [32]
reported as 184 kJ-mol~!. To eliminate the deviation by the
stress exponent n, Antou [33] used different pressures to
calculate Q. It is reported [34] that fine-grained Ti produced
by SPS has the activation energy of 115 kJ-mol~! under the
pressure of 80 MPa. In our present work, a fixed pressure
of 40 MPa was applied and the Q, is 63.8 kJ-mol~! and
124.3 kJ-mol~!, lower than that of traditional P/M.

The effective stress exponent, n, is an important param-
eter involved in controlling the densification mechanism of
SPS. Usually, different n values correspond to different den-
sification mechanisms. Through studies, the densification
behavior of SPS materials, such as alumina by Santanach
[23], zirconia and MgAl,O, by Burnard-Granger [24-26],
tungsten by Deng [35], it is considered that when n is low,
the densification is dominated by grain boundary sliding,
which contains in-series interface-reaction/lattice diffusion.
Hence, it is reasonable to determine that for the present SPS
Til85, the densification mechanism is grain boundary slid-
ing controlled by diffusion at low stress exponents’ regime.

For the liquid sintering of P/M, Kingery [36, 37] pro-
posed a classical theory that it is composed of three den-
sification processes: first, rearrangement of solid particles
to give increased density; second, solution precipitation
in which material is dissolved away from contact points,
allowing the centers of particles to approach; and finally,
coalescence of solid particles with a cessation of sintering.
Many P/M experiments [38] conform to the theory. How-
ever, the classical theory does not take grain growth into
account. Kang [39] and Lee [40], hence, proposed a Pore-
Filling model. They consider that when powder is sintered
in the presence of liquid phase, rapid densification and grain
growth will occur even in the early stage of sintering. As the
grains grow, the surfaces of the smaller pores were com-
pletely wetted to critical size, and then the liquid will spon-
taneously fill the pores. After a long sintering, the liquid was
eliminated by microstructure homogenization. This is proven
by Zhang [20], which shows high-entropy alloys (HEA) did
not react with the B,C matrix during SPS, and reduced Q, to
75 kJ-mol~!, promote densification and grain growth.

Considering the densification rate reaches its maximum at
750 °C slightly higher than the melting point of Al (Fig. 1¢),
as well as the grains grow only at higher temperatures
(Fig. 3b), it is reasonable to determine that the sintering
process is instantaneous liquid-phase sintering. When the

@ Springer

sintering temperature exceeds 660 °C, the Al powder melts
to form a liquid phase. Under an external force, the liquid
phase flows into the pores and the solid particles slide and
rearrange, which contributes significantly to the densifica-
tion rate. Because the liquid of Al is an alloying element and
will gradually diffuse into the Ti matrix, it is different with
the classic Kingery theory. The most cases of SPS Til85 are
the diffusion of Al atoms into the crystal lattice of titanium,
making the sintering process similar to the instantaneous
liquid-phase sintering process.

However, for high-effective stress-value exponent, n close
to 3, the densification mechanism can be understood by con-
sidering the dislocation climb theory of steady-state creep
[41, 42]. The creep rate is expressed as follows:

b

" o) " (13

where b is the Burgers vector of the edge dislocation
involved in the process, d the distance between two neigh-
boring plans emitting the involved dislocations, M the dis-
location source density, and V, the climbing rate of the
involved dislocation.

When b3 kT, the dislocation-climbing rate could be
expressed by:

Dycb?

14
m X kT (14)

where Dy, is the volume (lattice) diffusion coefficient of
vacancies, o is the applied stress.

When M is a function of applied stress, the relation may
be expressed by:

3
M <2> (15)
pb
Thus, by combining the above equations, the final expres-
sion for climb-controlled creep mechanism is as follows:

. DV o 3|J.b3

where K is a constant, u is the shear modulus.

In the present SPS experiment, taking into account
the diffusion coefficient, Dy can be expressed as
Dy = Dyyexp(Qy /RT), where D, is a constant pre-expo-
nential factor, the relation (16) can be transformed into:

1 1dD e % (o)’
1 1dD_p Teft (17)
peffD dt T peff

where K, is a constant.
When the soak temperatures are 800-1000 °C during
our SPS experiments, the stress exponent values are very
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close to 3 (Fig. 6a), which is in analogy with relations (17)
derived from Weertman’s [41, 42] investigations. Therefore,
at the stage when n value is close to 3, the material creep
mechanism is controlled by dislocation climb. TEM obser-
vation dislocation of sintered sample is shown in Fig. 7. The
pictures along the [111]ﬁ axis (Fig. 7a, c) and [001]ﬁ axis
(Fig. 7b, d) show clearly the presence of dislocations which
was pointed out by the arrow. According to n value, the
dominant creep mechanism during SPS may be the dislo-
cation-climbing mechanism. However, when the sintering
temperature is 1100 °C, the stress exponent calculated is
n=4.4, much larger than the value of 3, which indicates that
the densification mechanism controlled by dislocation climb
became more stable. With higher temperature of 1200 °C,
the sample has high n (6.4), then it tends to transform to
grain-growth mechanism.

4.2 Grain growth

The creep model proposed by Bernard-Granger, can be used
to calculate and analyze densification mechanism based on
constant grain size. However, in the SPS Til85, when the
sintering temperature exceeds 1000 °C, the grain grows
apparently. It indicates that at the low temperature, sintering
and dwelling processes mainly promote powder densifica-
tion. While at high soaking temperatures (7> 1000 °C), due

to the high density (D> 96%), it will promote grain growth.
Using the widely known grain growth power law [43, 44],
we can describe the relation:

G — Gy = Kyt (18)

where G, and G, are grain sizes at time ¢ and =0, m the
grain-growth exponent, K, a constant.

For a single-phase system, the possible value of grain-
growth exponent m, which is known as the kinetic parameter,
was reported to be 2 or 3. Different values of m correspond
to different grain-growth mechanisms. When m =2, the main
mechanism controlling grain growth is grain boundary diffu-
sion. When m =3, grain growth is mainly controlled by the
bulk diffusion or through a liquid-phase diffusion. Thus, we
assumed the m to be 2 or 3 for the SPS Ti185 alloy.

Figure 8 shows the linear fittings for different values
of grain-growth exponent m. By plotting the linear fitting
results obtained at dwelling times 10, 15, and 30 min when
the dwelling temperature is fixed at 1200 °C, we can deter-
mine the main mechanism of grain growth. According to the
regression coefficients R, both two m values are acceptable
(R*=0.999 for m=3 and R>=0.997 for m=2).

It can be noted that, no matter the value of m is 2 or 3,
the results of linear fitting are in good agreement with the
Eq. (18); however, when m =3, the result of linear fitting

Fig.7 Typical TEM images of Ti185 sample sintered at 1000 °C for 30 min by SPS: a and ¢ along the [Il 1] axis; b and d along [001] axis
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Fig.8 Linear fittings for different value of grain-growth exponent m
(2 and 3) obtained at 1200 °C and dwelling time 10, 15, and 30 min

is more in accordance with the Eq. (18). Hence, for higher
temperature, it is reasonable to conclude that grain-growth
mechanism is mainly controlled by the bulk diffusion, or lig-
uid diffusion. The presence of a liquid phase could account
for the rapid densification obtained for lower temperatures
(800-1000 °C) and the grain growth of high temperature.
At the same time, the calculated results showed that grain
boundary diffusion also played a non-negligible role in grain
growth according to the value of R? when m=2. This result
implies that the control mechanisms for grain growth include
bulk diffusion and grain boundary diffusion.

In addition to this, at the sintering stage with temperature
above 1000 °C, grain-growth process is a grain boundary
migration related to the reaction of pores and grain bounda-
ries. The grain boundaries migrate, which is from change of
chemical potential caused by pressure difference between
two sides of interface caused by curvature radius of inter-
face, towards the tendency of energy reduction, resulting
in a certain degree of grain growth in the material. At the
same time, when the grain boundary displacement changes
the curvature of the pore surface, there is a driving force
of material migration, which makes atoms migrate between
grain boundaries and pores. Grain boundaries with high
energy will carry the pores along with them, promoting
further densification of the alloys. The mechanism of mass
transfer in nature is still evaporation and condensation, sur-
face diffusion or volume diffusion.

5 Conclusion

A modified creep model considering liquid was proposed and
applied to investigate the densification mechanisms of SPS
Ti185 alloy at 800—1200 °C. The sintering process shows
two stages: densification without grain growth occurring at

@ Springer

the lower temperatures of 800-1000 °C and grain-growth
stage at higher temperatures (1100 °C, 1200 °C). At early
densification, the effective compaction stress exponent is
low (n=1) and the apparent activation energy Qj is calcu-
lated as 63.8 kJ-mol~’, indicating its mechanism of diffu-
sion-controlled grain boundary sliding. For higher effective
compaction stresses (n closed 3, Q;=124.3 kJ-mol™1), the
densification is mainly controlled by dislocation motion. The
grain growth is mainly controlled by grain boundary migra-
tion and diffusion. The liquid phase may be promoted not
only for the densification of Ti 185, but also its grain growth
during SPS process.
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