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ARTICLE INFO ABSTRACT

Handling editor: P. Vincenzini Tungsten carbide (WC), renowned for its exceptional hardness and wear resistance, plays an essential role in
various industrial applications (cutting tools, abrasives, and wear-resistant components). While traditional
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a cutting-edge approach, utilizing high-voltage electric current and mechanical pressure for rapid densification,
particularly advantageous for fabrication of complex shape components made from challenging materials like
nanosized binderless tungsten carbide. The study encompasses the entire spectrum of the powder’s character-
ization, extending to the development of an intricate finite element simulation tailored for SPS sintering. Sin-
tering cycles underscore the exceptional quality of the powder, demonstrating full density microstructures even
under low-temperature (1550 °C) and low-pressure (50 MPa) conditions. The nanosized powder exhibits minimal
microstructural coarsening, reflecting the high quality of the initial pure tungsten carbide nano powder. The core
of this study revolves around the methodology employed for deriving constitutive parameters, following the
Skorohod-Olevsky theory of continuum sintering. The derivation methods include variations in temperature,
heating regimes, and stepwise pressure application during SPS. Additionally, a grain growth model is formulated
based on microstructural analysis. Critical parameters, including the apparent sintering activation energy (800
kJ/mol) and the creep law stress exponent (n = 4.0), are discussed. The article concludes with the integration of
the mechanical sintering model into finite element method (FEM) software, considering thermal and electrical
aspects for a comprehensive SPS-AM modeling approach and its application to complex shape production. The
research aims to enhance the understanding of SPS for tungsten carbide, providing insights for its application in
manufacturing cutting-edge components in challenging environments.

improvement of the final properties of the tungsten carbide material.
Nevertheless, the inclusion of metallic binders typically leads to a
decrease in hardness and compromises corrosion/oxidation resistance
[7]. While conventional hardmetals achieve densification through liquid
Tungsten carbide, a formidable and versatile material, stands at the phase sintering at approximately 1350 °C, binderless hardmetals

forefront of modern engineering and manufacturing due to its excep- necessitate higher sintering temperatures, typically ranging from 1700
tional hardness, wear resistance, and thermal stability. Comprising °C to 2000 °C [7].

tungsten (W) and carbon (C) in equal parts, or often with a metallic
additive such as cobalt (Co), tungsten carbide exhibits remarkable
properties that have elevated it to a pivotal role in numerous industrial
applications [1-3]. In the context of cemented carbides, the impact of
grain growth inhibitors is intricately connected to their dissolution in
the liquid phase [4]. In parallel to additives such as Cobalt, Vanadium
carbide (VCQ) is often used as a grain growth inhibitor in the sintering of
tungsten carbide (WC) [5,6]. The addition of vanadium carbide serves
several purposes in the sintering process, contributing to the

1. Introduction

Renowned for its hardness approaching that of diamonds, tungsten
carbide is a key player in the production of cutting tools, abrasives, and
wear-resistant components. Its unique combination of toughness and
strength allows for the creation of tools that endure extreme conditions,
making it indispensable in industries ranging from mining and
machining to oil and gas exploration. Tungsten carbide sintering is a
sophisticated manufacturing process crucial in producing components
for various industrial applications, including cutting tools, wear-
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Nomenclature

p Density

Pw Density of water

Wi Dry weight

Wy Weight impregnated with oil

W3 Weight of the impregnated sample in water
D¢ Final density

h¢ Final height

h; Height at the specific time t

Dy Density at the specific time t

G Mean grain size

n Creep law stress exponent

Ao Deformability pre-exponential factor
G Grain size

Go Initial grain size

m Grain growth exponent

Q Apparent sintering activation energy
0 Porosity

T Temperature

£eq Equivalent stain rate

Oeq Equivalent stress tensor

] Bulk modulus

® Shear modulus

0 Porosity

T Stress invariant

P Applied pressure

y Shear strain rate

é Volumetric strain rate

P, Laplace stress

o External stress tensor

& External strain rate tensor

ko Grain growth pre-exponential factor
Qc Grain growth activation energy

Pe Critical density

R Gas constant

T Heating rate

B Kinetic field method linearization y-intercept constant

resistant parts, and tools for machining and drilling in challenging en-
vironments [8].

In the past, the primary methods for producing fully dense WC ce-
ramics were hot pressing or hot isostatic pressing (HIP) [9]. The use of
Spark Plasma Sintering (SPS) for pure tungsten carbide makes perfect
sense in a context of sintering this challenging material from nanosized
binderless powder while keeping a fine microstructure [7,8]. Alongside
tungsten carbide, other challenging carbides sintering via SPS have also
been studied to date such as zirconium carbide (ZrC) [10] and tantalum
carbide [11].

SPS is a cutting-edge material processing technique that combines
high-voltage electric current and uniaxial mechanical pressure to drive
the densification and consolidation of powdered materials [12-15]. Its
distinctive capability lies in swift densification of materials that tradi-
tionally pose challenges for sintering, such as carbides and other
high-temperature systems that struggle to achieve high density through
conventional sintering methods [16]. The rapid heating rates it achieves
are particularly advantageous in preventing excessive grain growth,
making it an ideal sintering method for nanosized powders and facili-
tating the production of structural ceramics, including tungsten carbide.

The development of SPS toward the direction of intricate-shaped
components production has been extensively documented. This prog-
ress spans from employing specialized tooling to minimize temperature
inhomogeneity [17] to the design for simultaneous production of com-
plex parts [18]. In recent years, Additive Manufacturing has demon-
strated significant utility in creating sacrificial molds for SPS
applications involving complex shapes [19,20]. The technique outlined
in this study integrates a stereolithography (SLA)-printed mold of
complex geometry with sacrificial powder to ensure sintering homoge-
neity and shape preservation [21]. Subsequently, the polymeric printed
mold is eliminated through outgassing during an initial SPS run con-
ducted at low temperatures (below 600 °C).

Consequently, there is a substantial need for process modeling to
comprehend the impact of various SPS parameters on the densification
and ultimate microstructure of WC ceramics. This study outlines the
essential methodology required to formulate a comprehensive SPS sin-
tering model, in the present case with low pressure (50 MPa) and low
sintering temperature (1550 °C). Following a concise overview of con-
ducted studies, characterization methods, and dilatometry curve pro-
cessing, the article delves into deriving constitutive parameters based on
the theory of continuum sintering [22]. Several other models exist [23]
from Skorohod-Olevsky [22], Abouaf [24,25], Kraft and Riedel [26] to

viscous poisons ratio form [27,28].

The derivation methods outlined in this research are based on
isothermal cycles at different temperatures, variations in heating re-
gimes, and a stepwise approach to applying SPS pressure [29-32]. To
achieve the most comprehensive simulation of sintering, a grain growth
model is developed using microstructural analysis, along with the
derivation of parameters for the grain growth model [12,33].

In conclusion, the article addresses the integration of such a me-
chanical sintering model into finite element method (FEM) software,
considering thermal and electrical aspects for a thorough SPS modeling.

2. Materials and methods
2.1. Methods

2.1.1. Material processing and characterization

The studied material is a commercial powder of tungsten carbide
(Cerion Nanomaterials, Rochester, NY).

Size and shape of the powder can be characterized from the Scanning
Electron Microscopy images in Fig. 1 left and right (FEI Quanta 450
FEG). It is composed of spherical particles with an average diameter of
104 nm (Fig. 1 left). The Particle size analysis performed via wet method
on Anton Paar PSA 1090 in Fig. 1 (right) does not reflect the actual
powder size distribution since nanosize powder are in the limits of such
device. The particles agglomerates have a identified distribution pa-
rameters of D1g = 0.11 pm, Dgg 0.46 pm and Dgy = 4.27 pm with a mean
size value of 1.36 pm.

The initial powder density has been measured by pycnometry via a
helium pycnometer Anton Paar Ultrapyc 5000. The measured initial
density of 15,574 kg m > is reasonably close from the binderless tung-
sten carbide theoretical one 15,630 kg m~> [34]. The agglomeration of
nanosize powder and precision of the device in these conditions are also
factors to consider. Results from the Energy Dispersive X-ray Spectros-
copy analysis on different zones of the initial powder confirmed the pure
tungsten carbide powder without additives (Fig. 2). The studied powder
also shows relatively low oxidation with 2.76 wt%.
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Fig. 1. SEM of the initial powder at magnification x45k (left) and particle size distribution of the tungsten carbide powder (right).

»

500 nm

Fig. 2. SEM micrographs and EDS analysis performed on the original powder.

2.1.2. Methods for samples preparation

For all the sintering studies listed in the first part of this report, 12 g
of Cerion Nanomaterials WC powder have been prepared in a 15 mm
diameter graphite die. Contacts between the die, the punches and the
powder were made by graphite foil. All the experiments performed on an
SPS machine SPSS DR. SINTER Fuji Electronics model 515. Temperature
is regulated by a embedded PID via infra-red pyrometry with Chino IR-
AHS. Preliminary studies at sintering temperature 1100 °C and 1200 °C
are using a Thermocouple type K.

2.1.3. Method for measurements post-sintering
Samples were measured by a 3 weighing Archimedes method [35].

_ Wlpw

W W (€Y

with p the sample density, p,, the density of water, W, the dry weight, W,
the weight impregnated with oil and W3 the weight of the impregnated
sample in water.

2.2. Experimental results

Dilatometry data issued from the SPS are vertical displacement as

function of time and temperature. The density evolution during the
thermal cycle in a die compacting can be calculated from the expression:

p
P = zf;hf @

with pr the final density, hy the final height, h; and p; the height and the
density at the specific time t, respectively.

Measurements on samples from the different conducted studies have
been gathered in Table 1. The final height and density values are taken
as reference for the evaluation of the relative density as function of the
time with Equation (1). Without experiencing problematics of thermal
runaway or important local melting, very few experiment have been
necessary for preliminary characterization.

2.2.1. Preliminary studies

As can be inferred from Table 1, first studies conducted at 1100 °C
and 1200 °C shows a minimal densification for cycles with a heating rate
of 50 °C/min without holding, under a constant pressure of 50 MPa.
These densification data are too negligible to be considered in further
parameters derivation. However, the cycle up to 1550 °C in similar
conditions shows acceptable densification even without holding (Fig. 3).
This temperature will be kept as referential for the following study, with
a temperature holding of 15min and a pressure of 50 MPa.

2.2.2. Variations on the heating rates

A study based on several sintering cycles with different heating rates
has been carried out for the maximal temperature of 1550 °C and the die
compaction pressure of 50 MPa. Results from a range of thermal cycles
with heating rates between 25 °C/min and 100 °C/min are displayed in
Fig. 4. The data processing shows almost full densification for every
cycle with 96.2%, 97.4% and 96.0% of final relative density for 25 °C/
min, 50 °C/min and 100 °C/min respectively.

Literature reports similar sintering heating rates for SPS of WC
components with dopants but usually lower sintering temperature such
as 1100 °C or 1200 °C depending on the cobalt concentration [7,16,36,
37]. Nevertheless, the sintering temperature of 1550 °C remains low for
this typical component under such low pressure [7,9].

On the other hand, based on accurate and almost fully dense samples
data, the derivation of a first range of constitutive parameters for a
sintering simulation is now possible. This will be at the heart of the data
processing and modeling part of this document.

2.3. Data processing and modeling

2.3.1. Model description

Adhering to the continuum theory of sintering [22], the investigated
samples can be viewed as exhibiting a dense phase behavior rooted in
creep. The equations governing equivalent stress and strain rate conform
to the Norton creep law.
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Table 1
Specimen measurements post-sintering and their corresponding cycles.
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Cycle Final height Final radius Weight Bulk density from Bulk density from Relative density from Relative density from
(mm) (mm) ® dimensions Archimede dimensions Archimede
1100 °C for 15 min, 50 Mpa, 50 7.68 15.00 11.31 8.33 - 53.5% -
°C/min
1200 °C for 15 min, 50 Mpa, 50 7.50 15.00 12.08 9.11 - 58.5% -
°C/min
1550 °C for 0 min, 50 Mpa, 50 4.74 15.00 11.80 14.09 14.20 90.5% 91.2%
°C/min
1550 °C for 15 min, 50 Mpa, 50 3.61 15.00 9.70 15.23 15.17 97.8% 97.4%
°C/min
1550 °C for 15 min, 50 Mpa, 100 3.76 15.00 9.84 14.83 14.95 95.2% 96.0%
°C/min
1550 °C for 15 min, 50 Mpa, 25 3.72 15.00 9.88 15.02 14.98 96.4% 96.2%
°C/min
1550 °C for 15 min, pressure 3.65 15.00 9.49 14.71 14.89 94.4% 95.6%
variations, 50 °C/min
1550 °C then 1500 °C for 15 min, 3.81 15.00 9.73 14.45 14.60 92.8% 93.7%
50 MPa, 50 °C/min
=——1500°C 50K/min no holding 1
0.95 = 50K/min
L > 0.9 |——100K/min
2. 085 Z
= g 0.8 | =——25K/min
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Fig. 3. Relative density as fucntion of sintering time for the SPS sintering of p ( )
WC component. 1
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1-6 Fig. 4. Relative density as a function of temperature (b.) and time (a.) for

where ¢ and y are respectively shear and bulk moduli, functions of the
porosity 0. Terms 7, P, y and é are the stress and strain rate invariants
defined below.

\/(zrx — 6,)2 + (a}. — a,)z + (0, — 6).)2 + 6(6)20, +02 + o'ﬁz)

= 7 (6)
’ A

P:0”+(;‘+0”:§l @

. .2 ) 2 2.2 .2 2, .. .
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thermal cycle at 1550 °C and heating rates variation 25 °C/min, 50 °C/min to
100 °C/min.

é=¢& +é&+é&, 9

The term P; represents the Laplace stress arising from particle
capillarity forces. These forces can be defined by the particle radius and
the porosity, as per the principles outlined in Skorohod-Olevsky theory
[22,38].

_ 3a
- r

P (1-06)7 (10)

In the context of the current Spark Plasma Sintering (SPS) scenario, the
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capillarity forces can be considered negligible in comparison to the
applied stress (P;<<o,). The following mass conservation law establishes
a connection between the rate of porosity elimination and the rate of
volume change:

—¢ (€8]

Finally, the general sintering behavior of a continuum can be defined as:
Oy [ . Iy .
o= (vet(v—30)d + P 12)

2.3.2. Specific case for SPS

Spark Plasma Sintering can be likened to a high-temperature die
pressing test conducted along the z-axis. The external strain rate tensor
can be simplified to:

0 0

0
é=|0 0 0 13)
0 0 &

By the use of graphite foil interface, the lateral friction is considered

negligible.
Based on equation (11), we can simplify.

2.
57 Eoqg =

With combination of equations (4) and (12)-(14) the stress z o, term is:

. %,1
gt ((pézJr (w _ lq,)éz) s)
A(T,G)" 3

The analytical SPS equation is then:

-0
Go '"e"p(RT) 2\ - \
[ 2) XL (y+2p)  (1-0T)6. - Pl ae)

G T 3

v+3o,
1-6

(14)

&

e=¢&,7= ezl

With y and ¢ the normalized shear and bulk viscosity moduli expressed
as:
2(1-0)

V=3 and y = (1 —0)° a7

From equation (16), the constitutive parameters to be determined
are then the creep law stress exponent n, the activation energy Q and the
pre-exponential factor Ao.

2.3.3. Derivation of the creep law stress exponent: n

In this section, the stress exponent n is derived. The approach,
grounded in the analytical equations explained earlier, mirrors the
procedure outlined in the publications by Maniere et al. [39] and Li et al.
[30]. The methodology entails executing targeted “pressure jumps”
while holding the temperature constant. In this specific context, the
technique is utilized to ascertain the exponent “n" by examining the
alteration in the sintering shrinkage rate before and after the pressure
“jump.” It is imperative for the sudden pressure shift to be rapid enough
to forestall substantial fluctuations in relative density.

From Equation (16) we can isolate n terms:

n

i e,

If the pressure jumps of the stepwise approach implies no porosity
variation, the strain rate ratio before and after the pressure variation
simplify all the porosity dependent terms. The formulation (18) is thus
simplified to:

|&|=A 18
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o)
)

In the other hand, if the pressure transition implies a porosity evolution
which is not negligible, the strain rate ratio can be expressed:

19

n=

&y V10 ¥y +30, | 01/ T =02y [y, + 50, (20)

2 VI — O/, +300 | 02vT =01/, +39,

By isolating the n term and taking the logarithm we thus have:

In g_l VvV 1*92\/V1|+§<P1
IERVAETIRY V’z*%#’z

e @1)

N VAR
92 \[1=0\/ w1+

The derivation method for Equation (21), accounting for slight
porosity evolution and varying strain rates, is depicted in Fig. 5.

In the experimental work, 4 pressure jumps of 10 MPa have been
performed from 37 MPa to 77 MPa. Each holding step has last 2 min with
a 10s stepwise pressure application. This has been conducted during a
temperature holding at 1550 °C from a heating rate of 50 °C/min. Fig. 6
presents the load variation from which is calculated the applied pressure
expressed in Equation (21). From data at each pressure jumps with a
slight density variation (as illustrated in Fig. 5), the mean parameter n is
identified to be n = 4.0. This derived value infers a dislocation climb
controlled by diffusion as the consolidation mechanism. Literature re-
ports similar values with 3-4 measured by Smith et al. [40] and 4-5 for
this tungsten carbide component with cobalt dopant reported by S. Lay
et al. [41]. In the latter publication is reported that this creep exponent
parameter should only be function of the volume concentration of co-
balt. With a n that should tends to 1 for a pure tungsten carbide. The
powder nano size might also have an influence on this parameter hence
the divergence from typical values found in literature.

2.3.4. Derivation of the activation energy: Q

In a first hand, the variation on the heating rate is meant to be used as
data for an identification of the apparent sintering activation energy via
methods as the master sintering curve (MSC) [32,42] or kinetic fields
[43-45]. In the present case, analyzing data within a limited experi-
mental anisothermal zone may introduce potential biases to the results.
Considering this, the research group has chosen to begin with an
isothermal method for this study, and the subsequent section elaborates
on its application in deriving the activation energy. In light of this, the
group has opted for an isothermal method in this study, and its appli-
cation for deriving the activation energy is discussed in the following
section.

2.3.4.1. Isothermal method for sintering apparent activation energy deri-
vation. As outlined in the study by Maniere et al. [24], the determina-
tion of the activation energy Q for the creep law involves conducting
tests at various holding temperatures. Formulating from the analytical
expressions (11) and (16), we can derive:

=Y
. mCXpP | &7 ==l
0 G (RT> 2 \7* La
‘ ’:Ao<—°) ———0" (v/+§(p) (1-6)|a.| (22)

(1-0) G T

For two Spark Plasma Sintering (SPS) compaction tests conducted
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Fig. 5. Schematic of the stepwise approach in the case of slight porosity evolution ()0; > 65).
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Fig. 6. Measured die compaction force (red) and relative density of the studied
specimen as a function of time during a 1550 °C temperature holding.

under identical applied stress 6, and porosity 6, yet at different tem-
perature holding, the relationship can be expressed as follows:

-0
. exp (2
on () L
f]—lzilzexp<g(———>> (23)
0,1 T2 ex <;Q> R\T, T,
P\ xn,
Apparent sintering activation energy Q can be isolated:
Rin (%; %)
O=—17 249

The experimental work involved the execution of two comparable
Spark Plasma Sintering (SPS) thermal cycles, both employing a 50 MPa
pressure and a heating rate of 50 °C/min. The first cycle was conducted
at 1550 °C for 15 min (depicted in black in Fig. 7), while the second cycle

1800
1600 | e ]
= 1400 } ’,’ __________ 1 100.00%
s
& 1200 } L F:: { 90.00% %
@ - o}
E 1000 F - < 1 80.00% ':
< | 4 >
g o - = = ~Themal cycle 1500 { 7,090, &
§ 600 [ = = =Themal cycle 1550 | 60.00% &
= 400 | e
— 50K/min 1550
200 1{ 50.00%
—— 50K/min 1500
0 . L 40.00%
0 500 1000 1500 2000
Time (s)

Fig. 7. Thermal cycles and relative density as function of the time for cycles at
1550 °C for 15min (in black) and cycle at 1550 °C then 1500 °C for 15min
(in red).

took place at 1500 °C for 15 min following a peak temperature of 1550
°C, as illustrated in red in Fig. 7 below. Subsequently, utilizing equation
(24) and the gathered experimental data, the activation energy Q was
determined for relative density ranging from 90% to 92%, with an
identified value of 800 kJ/mol.

Seemingly, the identified parameter is slightly higher than values
related in literature. The latter relates sintering activation energy for
similar components around 201-282 kJ/mol from V-N.Chuvil’deev et al.
[46]. J.T. Smith et al. [40] reported lowered sintering activation en-
ergies by the mean of cobalt additives of 220 kJ/mol. Values of 412-433
kJ/mol were derived by G. Lee et al. with temperature cycle ranging
from 1600 °C to 1800 °C for pure tungsten component [47]. Finally,
dense tungsten carbide produced in the sintering range of 2100-2500 °C
by hot pressing, exhibited an apparent sintering activation energy of
591 kJ/mol [48]. To confirm the identified value in a first hand, the
authors have performed a secondary analysis using this time aniso-
thermal activation energy identification methods: the Master sintering
curve [49] and the kinetic field method described by Wang & Raj [43].

2.3.4.2. Master sintering curve. The master sintering curve method has
been performed on densification data from 25 °C/min, 50 °C/min and
100 °C/min cycles (Fig. 8 top) using the house-made software SIN-
TERLab. The software follows the method from Su et al. [49]. Each of
densification curves required the calculation of the ® parameter by the
equation below.

(25)

of4)
otT) = | ——dt
= [ —

To determine the activation energy, a minimization procedure was
then conducted between 60%RD and 80%RD (Fig. 8 bottom). Accord-
ingly, the identified parameter is 810 kJ/mol and identification shows a
good fit of all points.

2.3.4.3. Kinetic fields approach. The method developed by Wang and
Raj [43] is used to linearize the following expression:

,2+B:1n<di.T.T'> (26)

RT dT

With Q the apparent sintering activation energy, T the temperature R the
gas constant, p the relative density and T the heating rate. The term B
gathers all sintering model constants, including the applied stress,
constant in the use case of both parameters’ derivation methods M.S.C.
and Kinetic fields. It was employed to assess the convergence with the
MSC value and to identify any potential changes in activation energy at
various relative densities (Fig. 9). Within the relative-density range of
60-80%, 10 different relative density were linearized, a consistent value
of 790 kJ/mol was observed. Both used methods report a relatively close
apparent sintering activation energy value 800 kJ/mol.
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Fig. 8. Identification of the apparent activation energy via master sintering
curve method, computation of the error for the MSC for apparent sintering
activation energy ranging from 0 to 1000 kJ/mol (top), plot of the MSC for the
least error case 810 kJ/mol (bottom).
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Fig. 9. Identification of the apparent activation energy via kinetic
field method.
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2.3.5. Grain growth modeling

For the microstructural analysis, sample has been sliced and polished
before SEM observation (FEI Quanta 450 FEG). No etching has been
performed and the microstructure revealed clearly with backscattered
electron detector (Fig. 10). From dense sample after a cycle at 1550 °C
for 15min after a 50 °C/min heating rate the microstructure presents
granular microstructure with a few porosities.

From micrographs above grain size has been identified via the linear
intercepts method [50].

 X*1.56

C="N

(26)

Mean grain size G [m] at final state is calculated from the ratio be-
tween the number of grain boundaries X within a line of length N [m]
and multiplied with a stereological factor from single-dimensional to
tridimensional 1.56. Accordingly, the mean grain size at the final state is
716 nm. This value has been calculated from several micrographs at
different zones of the specimen, exhibiting homogeneous grain growth
with a limited standard deviation of 27.94 nm. This outcome un-
derscores the great quality of the powder, highlighting an almost full
densification without encountering issues like melting or thermal
runaway during SPS.

In the present task, the grain growth has been modeled from the
experimental data depicted in Section 4, with an initial particle size of
104.8 nm and a final grain size of 716 nm. Grain growth has been
modeled from the Olevsky’s model (27) describing the grain growth rate
as function of relative density and grain size [12].

G ky [ 1-p, -0
= (- Pe _=C 2
dr 3G <2fﬂﬁp) exp(RT @7

From (27) and sintering data following parameters have been fitted, pre-
exponential factor kg = 10E-8, a grain growth activation energy Q¢ =
500 kJ/mol and a critical density parameter representing the relative
density from which the grain growth starts p, = 0.9 as can be observed
below on Fig. 11.

3
2

2.3.6. Fitting with linearization for the derivation of Ag

In this step, we derive two specific parameters: the deformability pre-
exponential factor Ay and adjust the bulk modulus y(6). The determi-
nation of Ag can be achieved through linear regression in the interme-
diate stage of sintering, as outlined in equation (28). It is crucial to
acknowledge that the bulk modulus function might introduce variations
in the regression curve, resulting in an activation energy distinct from
that derived using the MSC method. Skorohod’s theoretical bulk
modulus is represented by Eq (16). However, this modulus does not
consider the initial sintering phase characterized by heightened reac-
tivity due to point-like particle contacts. Abouaf [51] addressed this by
proposing a solution that introduces an initial-stage critical-porosity
parameter (6.;) to model this phenomenon:

_2(6.-0)
39

Following the method depicted by Maniere et al. [45,52], the iden-

tified initial critical porosity is thus 53%RD. From the mass conservation

law (10), Equation (15) can be rearranged and linearized with a loga-
rithm form to isolate Q and A as below [52]:

ntl
L rG\" 2\ = "
Y—ln(T&(G—0> (vi3e) a-0=0-ri )—m(&)—%

(29)

(28)

For the purpose of this study, the reference experimental cycle is
“1550 °C for 15min, uniaxial pressure of 50 MPa, 50 °C/min” where the
final relative density has reached 97.4%. In this case the regression is
focused in a zone supposed with limited grain growth (see Fig. 12) so the
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Fig. 10. Secondary electron microscopy micrograph at magnification x10k (left) back scatterd electron microscopy micrograph at magnification x29k (right).
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Fig. 11. Simulated mean grain size and temperature as the function of the time
in COMSOL Multiphysics.

1/RT
0.000064 0.000066 0.000068 0.00007 0.000072 0.000074 0.000076

Fig. 12. Linear fitting to derive A, from the identified parameter Q with
experimental data from cycle 50K/min and 1550 °C.

term A is simplified to its formulation:

In this study, the reference experimental cycle is defined as “1550 °C
for 15 min, uniaxial pressure of 50 MPa, and heating rate of 50 °C/min,”
leading to a final relative density of 97.4%. For this particular case, the
regression is concentrated within a zone assumed to have limited grain
growth (refer to Fig. 12), simplifying the term A to its specific
formulation:

exp (#)
A(T) = A" (30)

The value of Q is fixed for a linear fitting from the identified value
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detailed in the previous part, 800 kJ/mol. On its side the identified value
for the deformability pre-exponential factor is Ay = 3.067e-8 (K-s~!
Pa™™.

3. Results and discussion
3.1. Finite element method modeling

In this part, the mechanical model is implemented in a commercial
finite element software, COMSOL Multiphysics. This software enables a
coupling of the different physics of the SPS furnace to the mechanical
model of sintering to result in a comprehensive electrical-thermal-
mechanical simulation. For the purpose of the study the sintering
configuration is computed as a 2D axisymmetric model as the geometry
shown in Fig. 13.

3.1.1. SPS model implementations

The Spark Plasma Sintering (SPS) model implemented can be
conceptualized as a combination of five primary components: the elec-
tric current flow, induced Joule heating, surface-to-surface radiation,
densification, and grain growth. The first three are addressed for both
the SPS tooling and the specimen, while the last two are specifically
resolved for the tungsten carbide specimen. The implementation details

R=14,7 mm

R=7,5mm
>

Inconel electrode

Graphite spacer

Upper punch

Graphite felt

Temperature probe (PID regulation)

Graphite die

Graphite foil

WC sample

Fig. 13. Axisymmetric geometry for FEM model of SPS.
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of these components are extensively documented in the literature [12,
53-56].

Tables 2 and 3 gathers the thermal, mechanical, and electrical
properties of the materials employed in the simulation. Parameters for
Inconel, graphite, and graphite felt are extracted from literature sources
[53,54], while properties for tungsten carbide are obtained from [9,57,
58]. Consistent with the SPS simulation in Diatta et al. [54], electrical
contact resistance (ECR) data are derived from the work of Wei et al.
[59], and thermal contact resistance (TCR) is sourced from the study
conducted by Maniere et al. [55].

In the entire tooling, the initial temperature is assumed to be 20 °C,
and at this state, the electric current density throughout the Spark
Plasma Sintering (SPS) tooling is set to zero.

For the mechanical model illustrated in the preceding section, the
initial state and boundary conditions are as follows:

e The initial displacement is initialized to zero across the entire
tooling.

e Uniaxial pressure is applied to the upper graphite punch, permitting
its vertical displacement.

e The lower punch is fixed in the model with no vertical displacement.

e Other boundaries are defined as free.

As for the electrical boundary conditions, the ground is fixed on the
lower electrode with a potential of zero. The current is applied to the
upper electrode, and its regulation is accomplished through a PID
controller embedded [56], following the provided expression:

de(t)
dt

't
1) = Kpe(r) + K, / e(t)d + Kp (30)
0
Most suitable parameters for this PID controlling are Kp = 1500, K; =
100 and Kp = 10.

3.1.2. Simulation results

The simulated evolution of the mean relative density compared to
the experimental data show a good correspondence as shown on Fig. 15.
Initial stage experimental data densification at low relative density is
mainly related to particles rearrangement, explaining the slight gap
between simulation and sample. The presented model with derived
parameters is able to predict the densification of the studied specimen.

Fig. 16 gives a more detailed picture of the density distribution
during the temperature dwelling at 1550 °C, for the time t = 1600s
(beginning of the holding), t = 2100s and t = 2630s (final sintering

Table 2
Properties of inconel, graphite, and graphite felt.

Properties Inconel Graphite Graphite felt

Electrical 1/(1.6 x 1/(5.81 x 1071 x T3+ 333
conductivity 107 %x T+ 129 x 1072 x T2
(Sm™1) 9.82x1077) -9.17x107° x T+

1.84 x 107°)

Thermal —1.57 x —6.13 x 1072 x T3 + For T < 1273 K
conductivity 1072 x T+ 3.74 x107° x T> -8.55  2.00 x 10-7 x T?
Wm K™ 10.09 x 1072 x T 4 100.05 ~1.90 x 10~ x

T+0.14
For T > 1273
0.217
Heat capacity 0.250 x T + —9.6 x 1074 x T2 + ForT <1673 K
J-kg 1KY 344 2.72 x T-34.27 0.69 x T +
507.53
For T > 1673K
1675
Density (kgm™>) 8430 1860 88
Young’s modulus 400 180 -
(GPa)
Poisson’s ratio 0.29 0.262 -
-)
Emissivity (—) 0.67 0.8 0.99
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Table 3
Properties of tungsten carbide powder as a function of the relative density.

Properties Tungsten carbide
Electrical conductivity 3 1
Gm [9] (1 - E(l —p))- (2.725 + 04 x T'(-8.70448 x 107 1))/
(2.44E-8 x T)
Thermal conductivity 3 " 1
W-m-1 K1) [9] (1 - E(1 —p)>~ (2.725 + 04 x T'(-8.70448 x 107"))

Heat capacity (Jkg ' K1) p-(8.26329 x 1072 x log(T)-2.49821 x 10~") x 1000
[57]

Young’s modulus (GPa) (-2.03655 x 1077 x T°43.94188 x 10~ * x T%-2.89188

[571 x 107! x T47.26196 x 10%) x 1 x 10°-
P
1+213(1-p)
Poisson’s ratio (—) 0.22

1.61x10°

x10°
1.6

1.58
1.56
1.54

1.52

L
n

148
1.46

(D.) @amesadwal

1.44
1.42

14
475

Fig. 14. Cross section of the tooling, temperature distribution of SPS sintering
of tungsten carbide at 2630s (Final time of the holding at 1550 °C).

time). The density mapping shows a higher densification than the mean
value at the top part and bottom parts of the sample, touching the
tooling. This density gradient is more important at the holding starting
time (1600s) than at the final time. Gradient inferred from a tempera-
ture distribution showing higher temperature on these contact zones (up
to 0 °C on Fig. 14) through the whole cycle. Indeed, this also corroborate
the higher grain size as expected on Fig. 15, at the same time steps.
Correspondingly to SEM microstructural observations density distribu-
tion and grain size remain homogeneous at the last stage of sintering.

3.1.3. Sintering and simulation of intricate geometries shaped with additive
manufacturing

Additive manufacturing enables the design and fabrication of sacri-
ficial molds specifically tailored for the sintering process of complex-
shaped parts in SPS. Utilizing in parallel to AM the advanced Spark
Plasma Sintering model, our team simulated a cupola-shaped sample
and conducted a corresponding experiment for comparative analysis.
The outcomes of this recent experiment validate the efficacy of the
proposed methodology in both predicting and producing intricate
shapes with additive manufacturing sacrificial mold and composed of
pure tungsten carbide through the Spark Plasma Sintering process.

To sinter the intricate shape detailed in this section, a polymeric
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Fig. 15. Thermal cycle and mean grain size as a function of the time and experimental data (left) and simulated mean relative density evolution as a function of the

time (right).
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Fig. 16. Density (above) and grain size (below) distributions during the temperature dwelling at 1550 °C.
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Fig. 17. Geometry for SPS 2D axis-symmetrical model of cupola sample (a.), schematic of the part preparation in a graphite die (b.).
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sacrificial mold is required, created through the additive manufacturing
method of stereolithography (SLA). The shape is smoothened by
applying a coating of ethyl acetate. Subsequently, tungsten carbide
powder is manually compacted into the mold, and the component is then
placed into a graphite die filled with graphite powder, following the
scheme illustrated in Fig. 17b [20,60]. The sacrificial powder utilized for
this sintering process is graphite powder, expressly chosen to not sinter
at relatively low temperatures [19]. Graphite powder proves to be an
optimal choice as a sacrificial powder for carbides that should not be
susceptible to carbon contamination, such as oxides. Additionally, it
allows for the demolding of the sample without causing damage (see
Fig. 18).

The removal of the stereolithography (SLA) mold occurs through
evaporation before initiating the primary sintering cycle. During this
phase, the pressure is maintained at the minimum level permissible by
the Spark Plasma Sintering (SPS) system (17 MPa). Simultaneously, a
low-temperature cycle, involving a gradual heating process up to 600
°C, is implemented to completely outgas the polymer from the die.
Following the evaporation of the sacrificial mold, only graphite powder
remains atop the tungsten carbide powder sample. Any residual traces of
the sacrificial mold in the die manifest as carbon residuals, which do not
impede the sintering of tungsten carbide. Subsequently, a temperature
cycle of 1550 °C is applied for a duration of 15 min, following a heating
rate of 50 °C/min, all under a continuous applied pressure of 50 MPa.

In addition to the experimental work, the developed sintering model
is employed for the tungsten carbide sample, utilizing identical thermal
and pressure cycles. All parameters previously outlined in the preceding
section are maintained exactly as specified. The only subtle distinction
lies in the geometry, as depicted in Fig. 17a, encompassing the shape of
the initial cupola sample and its surrounding graphite sacrificial pow-
der. The model effectively simulates the sintering process, encompassing
the steps following the outgassing and removal of the resin mold.
Moreover, the model accounts for the heating and compaction of the
graphite powder, which does not undergo sintering at such tempera-
tures, utilizing a cold isostatic pressing model [19].

After sintering, the sample exhibits a relative density of 95.2%,
determined through the Archimede method. The final geometry of the
sample features a base diameter of 12.30 mm and a sample height of
4.47 mm. In contrast, the simulation predicts a base diameter of 12.31
mm and a sample height of 4.55 mm, yielding a mean relative density of
95.6% (refer to Fig. 19).

In comparison to the cylindrical sample discussed in preceding sec-
tions, the current cupola sample experiences slight radial shrinkage due
to the compaction of the surrounding graphite powder. This powder not

(1yBley Jauul s, pjow)
W G| |

4.5mm

12.5 mm
(mold’s inner diameter)

Fig. 18. Polished cupola sample (left) and its original SLA printed sacrificial
mold smoothed with ethyl-acetate (right) with 1.5 mm mold thickness at the
basis and 2 mm at the top.
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Fig. 19. Final relative density distribution for the cupola sample and its
sacrificial compacted graphite powder (grey lines representing the
initial geometry).

only applies a uniaxial pressure but also imparts a subtle lateral pres-
sure. The model successfully captures the intricacies of this more com-
plex scenario, incorporating a physics model for the cold pressing of
graphite powder. Notably, the simulated graphite powder maintains a
non-dense state, ranging from 45% relative density at the initial com-
pacted state to an average of 63.5% relative density (see Fig. 19).
Furthermore, the results of this study underscore multiple opportunities
presented by integrating comprehensive modeling with the capability
for producing complex shapes through additive manufacturing.

4. Conclusions

This article delves into the process of spark plasma sintering applied
to tungsten carbide powder and its application for complex shape parts
production via additive manufacturing method. The focus of this
document is to compile comprehensive information regarding the study,
spanning from the characterization of the powder to the creation of an
elaborate finite element simulation for its sintering via SPS and its
application to the production of dense complex shape. By enabling the
design of complex-shaped sacrificial molds, AM plays a pivotal role in
achieving intricate shaping for parts manufactured through SPS. Pre-
liminary sintering cycles showed the great quality of the powder without
any problematics of melting and thermal runaway and almost fully
dense microstructure from simple thermal cycles at low temperature
(1550 °C) and low pressure (50 MPa). Relatively low microstructural
coarsening is also being observed from nanosized powder (104 nm mean
grain size). Thus, reflecting the good quality of initial pure WC nano
powder to achieve almost full density and a limited grain growth under
these conditions.

The central theme of this document revolves around the methods
employed to derive constitutive parameters based on the Skorohod-
Olevsky theory of continuum sintering, grounded in the processing of
experimental data. This includes the discussion of critical parameters
identification such as the apparent sintering activation energy (800 kJ/
mol) by the mean of different methods, creep law stress exponent (n =
4.0), and pre-exponential factor.

Furthermore, this report details the successful transfer of the devel-
oped model into a Multiphysics Finite Element Method (FEM) com-
mercial software, COMSOL. This transition enables the integration of
thermal, electrical, and mechanical physics for a comprehensive simu-
lation of tungsten carbide spark plasma sintering. The model has proven
to be highly predictive, offering insights into density and grain size
distributions correlated with temperature gradients within the spec-
imen. The article effectively concludes by affirming the applicability of
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the developed model for both predicting and producing complex shapes
through spark plasma sintering of tungsten carbide. It highlights the
numerous opportunities arising from integrating advanced modeling
with the capability to produce complex shapes through additive
manufacturing.
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