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The master sintering curve (MSC) of nanocomposite WC-MgO was constructed based on the combined-
stage sintering model. Nano-sized WC-4.3wt%MgO powder with an average particle size of 35 nm was
synthesized by high-energy ball milling and then pressed uniaxially at a pressure of 500 MPa to fabricate
green compacts. The shrinkage response of the compacts during heating was studied by dilatometric
runs at constant heating rates of 5 and 10 °C/min up to 1900 °C. The master sintering curve with sintering

activation energy Q =361.8 k]/mol was constructed between 600 and 1900 °C. The MSC was validated by

isothermal and non-isothermal sintering experiments with identical green compacts. The results demon-

Keywords: . . . . . .
M:ster sintering curve strate that the MSC can be successfully applied to predict and control densification evolution during
WC heating, regardless of the heating path, and non-isothermal sintering in the high-temperature range.
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1. Introduction

Amongst hard alloys, tungsten carbide (WC) incorporating bind-
ing materials (Co, Fe or Ni) has attracted significant scientific and
technological attention for use cutting tools, drilling and min-
ing equipment. A metallic binder (mainly Co) is added to offset
the characteristic brittle behavior of the WC ceramic and increase
the compact toughness [1,2]. However, metallic binders result in
poor corrosion/oxidation resistance, environmental toxicity and
high-cost [3]. Therefore, efforts to obtain harder materials have
attempted to consolidate WC with low amounts of cobalt or with-
out metal binder.

During the past few decades, some research efforts have focused
on the consolidation of a WC matrix reinforced by a secondary
phase [4,5]. This ceramic/ceramic can be prepared through a rel-
atively inexpensive and simple process. Among these, a new
composite, WC-MgO, is considered to be an ideal material for use
in industrial practice, due to its combination of superior hardness
and toughness [6,7]. There has been research on the synthesis of
WC-MgO composite powders via mechanical alloying but less on
the sintering details.

Solid state sintering has been recognized as a very complex pro-
cess, involving the evolution of microstructure through the action
of several transport mechanisms. Su and Johnson developed the
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master sintering curve (MSC) concept to predict the densification
behavior using a minimum of preliminary experiments [8]. The
formulation and construction of MSC is derived from combined-
stage sintering [9], which extends the analysis of sintering beyond
the confined segments described by individual stage models. The
instantaneous linear shrinkage rate in this model is given as:

8Dy,
R ) (1

dl _ y2 (D,
Ldt — kT

where y is the surface energy, §2 is the atomic volume, k is the
Boltzmann constant, L is the length of sample, T is the absolute
temperature, t is the time, G is the mean grain diameter, D, and Dy,
are the coefficients for volume and grain boundary diffusion, § is the
thickness of the region of enhanced diffusion at the grain boundary,
I'yand ' are the lumped geometric scaling parameters for volume
and grain boundary diffusion, respectively. For isotropic shrinkage,
the linear shrinkage rate can be converted to the densification rate
by

L. dp

~Tdt = 3pdt 2)

where p is the bulk density. Assuming that densification during sin-
tering is thermally activated and controlled by a single dominant
diffusion mechanism (either volume or grain boundary diffusion)
and assuming that G, ', and the microstructure evolution are
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dependent only on density. Then Eq. (1) rearranges and simplifies

to

pM dp_ ' )/QDO exp (_g> dt (3)

3pI(p) - kT RT
Lo 0

where Dg is the diffusion coefficient for the dominant diffusion
mechanism, Q is the apparent activation energy for sintering, nis a
constant depend on the diffusion mechanism and R is the gas con-
stant. The left-hand of this equation depends on the microstructural
evolution and materials properties:

_ k(7@
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The right-hand of Eq. (3) depends on the Q and the time-
temperature profile:

tq Q
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The relationship between p and ©(t, T(t)) is defined as the mas-
ter sintering curve. The MSC is unique for a given powder and
green-body process. This theory, originally developed and demon-
strated for solid state sintering that exhibits isotropic behavior,
has been successfully applied to the solid state sintering of nano-
CeO; [10], nano-sized ZnO [11], Al;03-8 mol%YSZ [12], TiO, [13],
nano-3Y-TZP [14] and ZrO, [15]. However, the application of MSC
to the sintering of WC-MgO compacts has not been reported. The
present work was aimed at establishing a master sintering curve
for nanocomposite WC-MgO powder compacts and to demonstrate
how the theory can be applied to design a reproducible process for
fabricating a controlled density.

2. Experimental

To produce nanocrystalline WC-4.3wt%MgO via mechanical alloying process in
a QM-1SP4 high-energy planetary ball milling machine, WC powder (99.5% purity,
75 wm) and MgO (98.5% purity, 48 um) were used in this study. The ball mill process
was carried out under argon gas atmosphere at a rotational speed of 350 revolutions
per minute (rpm) for 50 h. The mill balls (10 mm diameter) and vial were made of
cemented carbides materials. The ball-to-powder weight ratio was 10:1.

The morphologies of the as-milled powders were investigated by transmission
electron microscope (TEM) on a JEOL JEM-2100F electron microscope. The specific
surface area of the powders was determined using a Brunauer-Emmett-Teller (BET)
surface area analyzer (Autosorb-1, Quantachrome, United States). The particle size
of the powders was measured by dynamic laser light scattering method (DLLS, BI-
200SM, Brookhaven, United States).

Powders were pressed using a uniaxial pressure of 500 MPa to create bars of
5mm x 5mm x 25 mm. The green density of the compacts measured by the geo-
metric method was 50.37 +0.3% of the theoretical density. The linear shrinkage
were monitored in a dilatometer (DIL 402C, Netzsch) heated to 1900 °C from room
temperature with an argon flow at 50 ml/min. Constant heating rates (HRs) of 5
and 10 °C/min were used. To ensure experimental consistency, typically three sam-
ples were characterized at each heating rate. The accuracy of the measurement was
found to be within 0.1 pm.

The ability to use the MSC to predict and control the sintering process was
assessed by designing two different sintering schedules under a consistent sin-
tering condition using a high-temperature laboratory furnace as follows: (I) For
non-isothermal sintering, ten green compacts were heated up to reach a desired
temperature at constant heating rates of 2, 5, 10 and 15 °C/min without a holding
time and cooling down naturally; (II) isothermal sintering experiments were car-
ried out at temperatures of 1400, 1550 and 1700 °C with holding dwell times of 3,
10, 30, 60, 90 or 120 min. All of the green samples were fabricated using the same
source powder and compaction process. The density of the specimens after sintering
was determined from the measured sample dimensions and mass and by using the
Archimedes liquid immersion technique.

3. Results and discussion
3.1. Powder characterization

Fig. 1 shows the morphology of the as-milled WC-MgO compos-
ite powder. In the figure, the particles have a size range of 10-50 nm
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Fig. 1. Transmission electron micrograph and selected area diffraction pattern of
nanocomposite WC-MgO powders after 50 h of the ball-milling time.

and mainly exhibit irregular polygonal shapes. Using DLLS, the
median particle size (D50 value) of the nanocomposite powder was
35 nm. The results of the BET test indicated the effect of ball milling
on the surface area of the powders revealing a nearly 60.3% incre-
ment in the surface area of the powder from 11.6 to 18.6m2 g~!
during the milling process.

3.2. Dilatometry and construction of MSC

Fig. 2 shows the dL/Ly versus temperature curves under heating
rates of 5 and 10°C/min. It can be observed from the figure that
the onset of the shrinkage process started around at 780 °C in both
runs. For each heating rate, the shrinkage rate increased to a maxi-
mum and then decreased. The heating rate was found to have little
influence on the final shrinkage, because all the samples achieved
the maximum level of shrinkage (19% of Ly at 1880 °C).

In the temperature range 1100 to 1500 °C, the higher heating
rate caused less shrinkage than the lower heating rate, because
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Fig. 2. Dilatometric curves of WC-MgO compacts under heating rates of 5°C/min
and 10°C/min.
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Fig. 3. Relative density and densification rate as a function of sintering temperature
under heating rates of 5°C/min (a) and 10°C/min (b).

the green compact was exposed to sintering for a longer time at
5°C/min. It is noted that this behavior has also been observed in
dilatometric experiments for nano-sized ZnO [11], nano-3Y-TZP
[14], ZrO, [15] and can be ascribed to the shortened time for diffu-
sion and mass transport when a higher heating rate is used to reach
a given temperature.

The density and densification rate versus temperature can be
converted from the dilatometric curves using Eq. (6)

1
— - 6
g ((1—dL/Lo>3>p° ©

where p and pg are the density of sintered and green compacts, Ly
is the initial length of the compact, and dL/Lg is the instantaneous
linear shrinkage. In Fig. 3, the density versus temperature exhibits
the familiar sigmoidal shape regardless of heating history. Densi-
ties show a modest but systematic dependence on heating rate and
the final density is 94.78(%TD). Under the heating rate of 10 °C/min,
the densification rate approached a maximum value when the tem-
perature reached 1540°C whereas the maximum shrinkage rate
moved to a lower temperature (1440 °C) under the heating rate of
5°C/min.

As mentioned earlier, the activation energy for densification
is a characteristic quantity that elucidates the fundamental diffu-
sion mechanisms during the sintering process. It is also one of the
important parameters for obtaining a master sintering curve. In the
construction of the MSC, an optimum value of apparent activation
energy in Eq. (5) is determined and the p — ©(t,1(t)) trajectory is
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Fig. 4. Construction of master sintering curves for WC-MgO compacts at activation
energy of 250kJ/mol (a) and 400 kJ/mol (b).

constructed for different heating profiles. The p — O(t,T(t)) data are
fitted to a sigmoidal (S-shape) curve [16,17], defined as follows,

100—,00 (7)
1+ exp(—log(®) —a/b)

where a and b are constants defining the sigmoid curve, and pg is
the green density.

Accordingly, if the activation energy (Q) is unknown, it can be
estimated from the ® vs p data. If the correct value of Q has been
estimated, all data points should fall on a single sigmoidal curve. As
examples, Fig. 4 shows the MSC curves constructed at Q=250 and
400 kJ/mol. In both cases, it is difficult to establish a good fit for the
In(®) — p data points under different heating rates with the given
value of activation energy. In addition, if the data points cannot
converge, a new Q is chosen and the above steps are iterated until
the particulate value is decided. In the fitting process, the minimum
average residual square is calculated by Eq. (8).

P = pPo+

N 2
((@i/@i,avg) - ])

1 i
= d (8
Of — Po /po N P )

Mean residual =

where pris the final relative density, N is the total number of exper-
imental data, i is the dummy variable for summation, ®; is the work
of sintering at ith value of density, and ©®; 4 is the average value
of work of sintering at ith value of density, respectively.
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Fig. 5. Mean residual squares for the various values of the activation energy.

The best convergence occurs at Q=361.8 kJ/mol, with a mini-
mum mean residual square (0.001171) found from Fig. 5, which
gives the mean residual squares for various given values of acti-
vation energy. Hence, the MSC is constructed under an apparent
activation energy Q=361.8 kj/mol as shown in Fig. 6.

3.3. Validation and prediction of MSC

Before applying the constructed master sintering curve to indus-
trial practice, the validity of the MSC should be verified through
a sufficient amount of isothermal and non-isothermal sintering
experiments. In Fig. 7, the relative densities of sintered samples
were determined by Archimedes method. The densities of ten sin-
tering cycles selected randomly under heating rates of 2, 5, 10 and
15°C/min are shown in Table 1. The non-isothermal experimen-
tal results show good agreement with densities predicted from
the MSC. The small errors would be caused by the fact that the
calculated density values converted from dilatometric runs were
monitored at a specific temperature, while the densities measured
by the Archimedes method were tested at room temperature. It is
shown that the density profile versus time-temperature integral
could be a promising and practical approach used to predict the
final density sintered at a given temperature, irrespective of the
heating path.
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Fig. 6. Construction of MSC for WC-MgO compacts using an activation energy of
361.8 kJ/mol.

Table 1
Relative densities of sintered samples under different heating paths determined by
Archimedes method.

Samples no Heating paths Relative density/%
1 15°C/min to 1900°C 94.99 + 1.19
2 10°C/min to 1850°C 93.70 + 1.37
3 5°C/min to 1700°C 90.79 + 1.19
4 2°C/min to 1550°C 87.20 + 1.27
5 2°C/min to 1450°C 81.19 + 1.21
6 10°C/min to 1500°C 7539 + 1.15
7 5°C/min to 1400°C 73.79 £ 1.19
8 15°C/min to 1500°C 69.40 + 1.18
9 15°C/min to 1450°C 65.10 + 1.25

10 2°C/min to 1200°C 63.39 + 1.33

Fig. 8 shows the response surface for the sintering time required
to reach a desired density under a constant holding temperature,
obtained from Eq.(5)and Q=361.8 kJ/mol. It can be clearly observed
that the required holding time to reach the desired density at high
temperature is much shorter than at low temperature. As examples,
the holding time was 5 min when sintering at 1700°C to attain a
bulk density of 90%TD, the holding time was 105 min at 1500°C to
reach the same level, and the predicted result of holding time is
175 h for isothermal experiments at 1200 °C.

However, the predicted data do not fit very well with the exper-
imental results at lower temperature, as demonstrated in Fig. 9.
Note that the activation energy determined by the MSC method is
for the combined sintering stage, i.e. the calculated sintering acti-
vation energy for densification takes into account all the combined
effects of surface, grain boundary and volume diffusion [9]. Also, the
activation energy for surface diffusion is smaller than that required
for either grain-boundary or volume diffusion [8]. With increasing
holding time at 1400 °C, the deviation of the experimental data from
the predicted data becomes marked, owing to dominance of the
surface diffusion mechanism during the initial stage of solid-stage
sintering [13]. This is also observed during the two-step sintering
of WC-MgO compacts [6]. In Fig. 9, the densities of the isother-
mal experiments at 1700 and 1550 °C are in better agreement with
the curve than for low-temperature runs, because either volume or
grain boundary diffusion dominate when at higher temperature [8].
Overall, in the high-temperature range, predictions can be made for
virtually any combination of sintering time and temperature with
the help of the constructed MSC.
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Fig. 7. Validation of master sintering curve for WC-MgO compacts. The non-
isothermal experimental results of ten sintering cycles agreed well with the
predicted curve.
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Fig. 9. Comparison of the predicted densification results with the experimental
results (isothermal sintering runs at 1400°C, 1550°C and 1700°C).

4. Conclusions

In this work, a master sintering curve based on the combined-
stage sintering model has been applied to the consolidation of a
WC-4.3 wt%MgO nanocomposite. The sintering activation energy
was estimated to be 361.8 kJ/mol, using the minimum residual
square. The ability of MSC models to predict and control the sin-
tering process for identical WC-MgO compacts was verified by
non-isothermal and isothermal experiments under the same sin-
tering conditions. The experimental results for non-isothermal and
isothermal processes at high temperature agreed well with the pre-
dicted curves. The obvious deviation of isothermals was caused by
the domination by surface diffusion rather than volume diffusion

or grain-boundary diffusion mechanisms at the low-temperature
range.
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