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We report on the formulation of a factor, f, thatwhen applied togetherwith the activation energy for viscous flow
(Q), can be used to provide important insight into the densification mechanism that are active during powder
sintering. We ascertain the validity of this formulation by comparing the densification behaviour of atomized
andmilled powders for Ti-6Al-4V alloy and pure Ti during spark plasma sintering, and identifying the underlying
mechanisms.
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Powder sintering is widely used to manufacture high performance,
bulk metals and alloys of various compositions [1–5]. In general, the
powder particles that are used during sintering can be classified in
terms of their geometry: spherical powders, which are generally syn-
thesized using atomization, and irregular powders, which can be pre-
pared using chemical or mechanical methods, such as precipitation
andmilling, respectively. For a given composition, spherical and irregu-
lar powders will differ in terms of various physical parameters [6], such
as surface energy (γ), average particle size (D), viscosity (η), etc. In gen-
eral, the value of γ increases asD decreases, and is higher for an irregular
geometry; similarly, both fluidity and apparent density increase with
increasing D and a more regular geometry. It then follows that powder
morphology will influence the electrical, mass and thermal transport
fields during powder sintering, and therefore the underlying densifica-
tion mechanisms [1–2]. This is evidenced by published studies which
show that a high value of γ, in combination with smaller values of D,
and η will accelerate powder shrinkage and densification [7–11]. How-
ever, it is difficult to isolate the influence of a single physical parameter
on densification, given the interrelationships between γ, D, η and
geometry.

From the above discussion, it would be helpful to identify a factor,
defined hereafter as f, which in combination with the activation energy
for viscous flow (Q), can be used to provide insight into the underlying
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densificationmechanisms. In essence, the values of f andQ are related to
the properties of the as-sintered bulk alloys, such as porosity and/or rel-
ative density, and therefore will affect mechanical behavior. Notably,
this represents the first attempt to establish a framework that can be
used to determine the value of an index f.

We illustrate the validity of the proposed framework by considering
atomized spherical and milled irregular powders examples for Ti-6Al-
4V alloy and pure Ti. Interestingly, as will be demonstrated below, the
values for the as-derived f and Q for the spherical powders are always
greater than the corresponding ones of the irregular powders.

During powder sintering, the instantaneous relative density ρ (%) of
the sintered compact can be calculated as [7]:

ρ ¼ L0
L
ρ0 ð1Þ

where ρ0 (%) is the initial relative density, L0 (mm) the initial height of
the powders in the die, and L (mm) the height when specimen reaches
the relative density of ρ. The instantaneous densification rate _ρ (s−1) is
then estimated by [7]:

_ρ ¼ dρi

dti
¼ ρi−ρi−1

ti−ti−1
ð2Þ

where ρi (%) is the instantaneous relative density at time ti (s), and the
time interval (ti-ti − 1) is 1 s.
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Fig. 1. DSC curves of the atomized and milled powders for Ti-6Al-4V alloy and pure Ti.

97C. Yang et al. / Scripta Materialia 139 (2017) 96–99
On the basis of the Frenkel model used for Newtonian viscous mate-
rials [12], the densification behavior of powder particles under isother-
mal conditions is determined by the physical properties of the powder,
expressed by:

ΔL
L0

¼ 3γ
4Dη

t ð3Þ

whereΔL/L0 is the shrinkage of the powder, γ (J/m2) the surface energy,
t (s) the time, D (m) the average particle size, and η (Pa·s) the viscosity
of the powder materials.

Over a limited temperature range, η is temperature dependent and
follows an Arrhenius relationship [13]:

η ¼ η0 exp
Q
RT

� �
ð4Þ

where η0 (Pa·s) is the frequency factor, Q the activation energy for vis-
cousflow, R (8.314 J/K/mol) theuniversal gas constant, and T (K) the ab-
solute temperature. The relationship between T and time t in an
isochronal experiment can be expressed as:

dT
dt

¼ c ð5Þ

where c (K/s) is heating rate. Hence, by differentiating Eq. (3) with re-
spect to T and applying Eqs. (4) and (5), the shrinkage rate under iso-
chronal heating conditions may be estimated as:

d
ΔL
L0

� �

dT
¼ 3γ

4Dcη0
exp

−Q
RT

� �
ð6Þ

Taking the logarithm of both sides, Eq. (6) is written as:

ln
d

ΔL
L0

� �

dT

0
BB@

1
CCA ¼ ln

3γ
4Dcη0

� �
−

Q
RT

ð7Þ

In general, for a given composition, γ, D and η0 remain constant. In
our case, therefore, we introduce a factor f defined in terms of these
physical properties:

f ¼ 3γ
4Dη0

ð8Þ

As such, the factor f and the activation energy Q for a particular
heating rate can be determined from the slope and the intercept respec-
tively from plots of ln(d(ΔL / L0) / dT) versus 1/T (Eq. (7)).

To establish the validity of the formulation described above, we se-
lected spherical and irregular powders for pure Ti and Ti-6Al-4V alloy,
produced via atomization and milling respectively. The as-received at-
omized spherical pure Ti and Ti-6Al-4V alloy powders were
manufactured by Advanced Powders and Coatings Inc., Quebec, Canada.
Themilled irregular pure Ti and Ti-6Al-4V alloy powderswere prepared
by ball milling of an elemental Ti powder (99.5 wt%) and amixture of Ti
(99.5 wt%), Al (99.8 wt%) and V (99.9 wt%) elemental powders at a ro-
tational speed of 4.2 s−1 under a protection atmosphere of high purity
argon in a high-energy planetary ball mill (QM-2SP20; apparatus facto-
ry of Nanjing University, Nanjing, China). The powder mixture was se-
lected to correspond to the Ti-6Al-4V composition and was blended
with stainless steel balls with diameters of 6, 10, and 15mm respective-
ly, the weight ratio of which was 1:3:1. The ball-to-powder mass ratios
were approximately 7:1. The thermal behavior of the two family pow-
ders for pure Ti and Ti-6Al-4V alloy was measured under a high purity
argon atmosphere with a heating rate of 20 °C/min by differential scan-
ning calorimetry (DSC; Netzsch STA 409C, Bavaria, Germany). The
morphology and particle size of the two types of powders for pure Ti
and Ti-6Al-4V alloy were characterized using a Philips XL-30 FEG scan-
ning electron microscope (SEM; Amsterdam, The Netherlands). Subse-
quently, the two types of powders for pure Ti and Ti-6Al-4V alloy
were sintered under the protection of argon atmosphere using spark
plasma sintering system (SPS-825, Sumitomo Coal Mining Co. Ltd.,
Japan). To minimize variations between the experiments, the same
weight powder of 8 g used in both cases and was loaded into a graphite
die with a 15 mm inner diameter. Additional details regarding SPS can
be found in Refs [3–5]. Finally, to determine the values of f and Q for
the two types of powders, the sintering parameters such as temperature
(T), linear shrinkage (L) and time (t) were recorded via software.

Fig. 1 showsDSC curves of the atomized andmilled powders for pure
Ti and Ti-6Al-4V alloy, respectively. The atomized powders reveal
spherical morphologies with sizes in the ranges of 15–53 and 15–45
μm for pure Ti and Ti-6Al-4V alloy, respectively. In contrast, morphol-
ogies of the milled powders are irregular, with sizes distribution in the
ranges of 200–500 and 200–1000 μm for pure Ti and Ti-6Al-4V alloy, re-
spectively. The smaller value of D corresponding to the atomized pow-
ders likely yields a higher γ compared to that of the milled powders.
Moreover, it is well established that different crystalline defects have
different relative contributions to raise the free energy of the metallic
materials [14], and that the maximum energy contributed by grain
size (1 nm) and disorder is 10 and 12 kJ/mol, respectively, far higher
than that (1 kJ/mol) contributed by dislocations (1016/m2) or vacancies
(1%). Therefore, the area of the exothermic peak in DSC curves likely
corresponds to the release value of stored energy contributed by differ-
ent crystalline defects [15,16]. By differentiating the DSC curve, the in-
flexion point at which the exothermic event starts and ends can be
determined. The area of the exothermic peaks for the atomized and
milled powders is calculated to be 653.4 and 1405.4 J/mol (Fig. 1), and
171.2 and 504.3 J/mol (Fig. 1 inset), respectively, for Ti-6Al-4V alloy
and pure Ti, respectively. Reasonably, the larger area of the exothermic
peaks or higher exothermic enthalpies indicate a higher concentration
of crystalline defects in the milled powders. Accordingly, a smaller D,
higher γ, and smaller exothermic enthalpies of the atomized powders
will likely influence the densification mechanism relative to that of
the milled counterparts.

On the basis of the variation in the height of the sintered compacts,
an instantaneous relative density was calculated by Eq. (1). Fig. 2
shows the relative density of atomized and milled Ti-6Al-4V alloy pow-
ders as a function of temperature with various heating rates. The atom-
ized powder has higher initial relative density of about 0.68 ± 0.01
compared to that of themilled counterpart (0.65 ± 0.01). This is attrib-
uted to the smaller D and more regular geometry of the atomized



Fig. 2. Relative density of the atomized and milled powders as a function of temperature
with various heating rates for Ti-6Al-4V alloy and pure Ti.

Fig. 4. Plots of ln(d(ΔL / L0) / dT) versus 1/T of the atomized and milled Ti-6Al-4V alloy
powders with various heating rates. The inset lists the derived comprehensive impact
factors f and activation energies for viscous flow Q of the atomized and milled powders
for Ti-6Al-4V alloy and pure Ti.
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powder. All curves show a typical “S” type of densification process. From
the figure, one can observe two interesting trends. First, the relative
density of the two types of powders increases with increasing heating
rate. Second, the atomized powder has a higher (early densification
stage) and lower (final densification stage) relative density than those
of the milled powder. Similar phenomenon can be observed for the at-
omized and milled pure Ti powders (Fig. 2 inset).

To provide insight into these observations, Fig. 3 plots instantaneous
densification rates of the atomized and milled powders for Ti-6Al-4V
alloy (Fig. 3a) and pure Ti (Fig. 3b) as a function of temperature for var-
ious heating rates, according to Eq. (2). The resulting plots show two in-
teresting findings. First, increasing the heating rate increases the
instantaneous densification rate for both types of powders. Second,
the atomized powders have a lower instantaneous densification rate
than that of themilled counterparts throughout the entire densification
process. Note that the onset position of fast shrinkage during the instan-
taneous densification rate for the milled powders always shifts to the
left as compared to that of the atomized counterparts. This onset posi-
tion approximately corresponds to the onset exothermic temperature
in the DSC curves, as shown in Figs. 1 and 3. Accordingly, these results
depend on the physical properties of the powders, and hence on the
values for f and Q.

On the basis of the above derivation, from Eq. (3) to Eq. (8), we can
determine the values for f and Q. Fig. 4 shows plots of ln(d(ΔL / L0) / dT)
Fig. 3. Instantaneous densification rates (lower parts) of the atomized andmilled powders as a
The upper parts show examples describing three densification stages of the milled Ti-6Al-4V a
versus 1/T for the atomized and milled Ti-6Al-4V alloy powders under
various heating rates. Correspondingly, the derived f and Q values for
Ti-6Al-4V alloy and pure Ti are listed in Fig. 4 inset. The results show
that for a given heating rate, the values of derived f and Q for the atom-
ized powders are significantly higher than the corresponding ones of
the milled powders. Moreover, the value of f increases with increasing
hearing rate, whereas the opposite trend is the case for Q. As defined
in Eq. (8), f increases with increasing γ as well as decreasing D and η0.
In contrast to the milled powders, the atomized powders have smaller
D and thus higher γ. Published results suggest that milled Ti powder
has a higher value of η0 relative to that of atomized powder [9].
Hence, the calculated value of f for the atomized powders is always
higher than that of the milled powders for a given heating rate (Fig. 4
inset). Reasonably, the higher Q value for the atomized powders is
thought to be related to the defect concentration, as reflected by mea-
sured smaller exothermic enthalpies (Fig. 1). In terms of other trends,
the higher the heating rate, the lower the viscosity [17,18], and thus
the higher the f and the lower the Q (Fig. 4 inset). This Q dependence
on heating rate is consistent with that of other crystalline and amor-
phous alloy powders [7–9].

To demonstrate the validity of the formulation described above, the
upper part of Fig. 3a shows an example describing three densification
stages of the milled Ti-6Al-4V alloy powder at 50 °C/min. Hence, on
function of temperature with various heating rates for Ti-6Al-4V alloy (a) and pure Ti (b).
lloy powder at 50 °C/min (a) and pure Ti powder (b) at 150 °C/min.
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the basis of the values of the f and Q, we can assess specific densification
stage of the atomized and milled Ti-6Al-4V alloy powders under a
specific heating rate. Based on three different mechanisms, the densifi-
cation of the two types of powders can be divided into three stages, i.e.,
surface energy control (stage I), crystalline defect control (stage II), and
high-temperature creep control (stage III). In stage I below 392 °C, de-
termined by the intersection point of the tangents of the instantaneous
densification rate curve (the lower part of Fig. 3a), the densification is
dominated mainly by surface energy, and thus the higher f of the atom-
ized powder indicates the higher relative density compared to that of
the milled powder (Figs. 2 and 4). It is important to note that there
will be temperature variations caused by the 1.5 mm distance between
the thermocouple and the edge of the powders during SPS; hence, the
transition temperature of 392 °C (Fig. 3a), is in general agreement
with the starting temperature of the exothermic peak, 400 °C (Fig. 1).
In stage II ranging from 392 °C to 567 °C, the densification is dominated
mainly by the free energy contributed by various crystalline defects; the
higher the Q induced by the smaller exothermic enthalpy of the atom-
ized powder (Fig. 1), the lower the relative density relative to themilled
powder (Figs. 2 and 4). The transition temperature of 567 °Cwas deter-
mined as the maximum value of the instantaneous densification rate
(the lower part of Fig. 3a). Finally, in stage III above 567 °C, the densifi-
cation is dominated by high-temperature creep induced by fast growth
of grains and subsequent softening of themetal powders. Undoubtedly,
the validity of the formulation can be further authenticated by the sim-
ilar three densification stages of the milled pure Ti powder at 150 °C/
min, as shown in the upper part of Fig. 3b.

In summary, we described a formulation that can be used to provide
insight into thedensificationmechanism that are active in atomized and
milled powders for Ti-6Al-4V alloy and pure Ti, during spark plasma
sintering. The values of f and Q can be used to assess the mechanism
that controls each stage of densifications. Correspondingly, the higher
f and Q for the atomized powders determine the higher and lower rela-
tive density compared to the milled counterparts, respectively.
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