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ARTICLE INFO ABSTRACT
Keywords: Boron carbide (B4C), known for its unique properties, presents challenges in reaching its full density with sin-
Boron carbide tering process due to low diffusion coefficients. This study explores the application of Spark Plasma Sintering

Sintering modeling
Spark plasma sintering
Finite element model

(SPS) to overcome these challenges and enhance the understanding of its impact on pure B4C ceramics. The study
outlines a comprehensive methodology for developing an SPS sintering model. Starting with a summary of
conducted studies, powder oxidation analysis, characterization methods, and dilatometry curves processing, the
article details the derivation of constitutive parameters based on the Skorohod-Olevsky theory. Isothermal
profiles at different temperatures, variation in heating regimes, and a stepwise approach for SPS pressure
application form the basis of the derivation methods. A grain growth model is developed for a comprehensive
simulation of sintering, incorporating microstructural analysis and parameter derivation. Finally, the article
addresses the integration of this mechanical sintering model with thermal and electrical considerations into a
finite element method (FEM) software for a holistic SPS modeling. Thermo-electrical considerations, including
the Peltier effect, are also computed, providing a well-rounded understanding of the SPS process for B4C ce-
ramics. This study contributes valuable insights to optimizing the SPS parameters to achieve enhanced densi-
fication and microstructure control in B4C ceramics.

In order to lower the sintering temperature of B4C ceramics, various

1. Introduction additives (such as C, Ti, Cr, Ni, Cu, TiBy, TiC, AlyOs3, etc.) have been
explored to accelerate the densification process [6-10]. However, the
Boron carbide is a versatile material known for its low density of inclusion of these sintering additives may introduce additional impurity
2.52 g/cm?, its exceptional hardness (only surpassed by diamond and phases into the end product. Maintaining high purity in B4C ceramics is
cubic boron nitride), remarkable thermal stability, and outstanding crucial for numerous applications, especially in the nuclear field so the
ability to absorb neutrons that gives it a wide range of potential appli- ad of dopants is not a solution for all the applications.
cations across various industries such as armor technology and nuclear The Spark Plasma Sintering (SPS) is a material processing technique
engineering [1-3]. However, attaining the complete theoretical density that utilizes a combination of high-voltage electric current and uniaxial
of B4C ceramics poses a challenge due to the low diffusion coefficient, mechanical pressure to facilitate the densification and consolidation of
attributed to the robust covalent bond between B and C, and the delay in powder materials [11-14]. Its renowned feature lies in its ability to
the densification process by the presence of B,O3 on the surface of B4C. rapidly increase the density of materials that are traditionally chal-
Pressureless sintering has the capability to produce B4C ceramics lenging to sinter, like carbides and other high-temperature systems,
with a relative density up to 90 %. However, this exhibits a considerable which cannot achieve high density through conventional sintering
amount of remaining pores, which can subsequently diminish the methods [15]. The rapid heating rates it can attain enable the mitigation
overall performance of the B4C ceramics [4,5]. It is noteworthy that of grain growth, particularly beneficial when sintering nanosized pow-
achieving pressureless sintering for B4C ceramics requires elevated ders and makes it ideal sintering method for the production of structural
temperatures near the melting point (~2350°C). Unfortunately, such ceramics such as boron carbide. In addition to boron carbide, re-
high temperatures may induce grain coarsening, thereby negatively searchers have explored the sintering of other carbides using SPS,
impacting the final performance of the B4C ceramics. including tungsten carbide (WC) [16], zirconium carbide (ZrC) [17] and
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Nomenclatures

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
Geq Stress tensors

] Bulk modulus

® Shear modulus

0 Porosity

T Stress invariant

P Applied pressure

v Shear strain rate

e Volumetric strain rate

P, Laplace stress

o External stress tensor

& External strain rate tensor

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

Pe Critical density
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Fig. 1. SEM of the initial powder at magnification x117k (top left) and x160k (top right) and at initial sintering stage before grain growth x7600 (bottom left);

bimodal particle size distribution of the powder agglomerates (bottom right).

tantalum carbide (TaC) [18].

While SPS has been extensively employed for the sintering of B4C
ceramics, a majority of studies have focused on a limited set of param-
eters to understand their impact on ceramic properties. Liu et al. [19],
for instance, investigated the effects of varying sintering temperatures
on the relative density and microstructure of B4C ceramics without ad-
ditives. Notably, they achieved a B4C ceramic with a density of 98 %, a
hardness of 33.5 + 0.2 GPa, and a toughness of 3.21 + 0.13 MPa-m'/? at
1850°C with an ideal heating rate of 100 °C/min and an applied pres-
sure of 50 MPa.

Therefore, there is a significant need for a process modeling to un-
derstand the influence of various SPS parameters on the densification
and final microstructure of B4C ceramics.

In this study the necessary and sufficient methodology is depicted to

develop a comprehensive SPS sintering model. After a brief summary of
the conducted studies, powder oxidation analysis, methods of charac-
terization and dilatometry curves processing, the article details the
derivation of constitutive parameters based on the Skorohod-Olevsky
theory of continuum sintering [20]. Numerous alternative models
have been proposed [21], including those by Skorohod-Olevsky [20],
Abouaf [22,23], Kraft and Riedel [24], and formulations based on the
viscous poisons ratio [25,26]. The derivation methods outlined in this
research are held on isothermal profiles at different temperatures,
considering variations of the heating regimes and stepwise approach for
SPS pressure application [27-30]. For the most comprehensive simula-
tion of sintering, a grain growth model is developed based on micro-
structural analysis and grain growth model parameters’ derivation [11,
31].
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Finally, the article addresses the integration in a finite element
method (FEM) software of such mechanical sintering model coupled to
thermal and electrical considerations for a comprehensive SPS
modeling. Thermo-electrical considerations accounting for the Peltier
effect are also computed [32].

2. Methods and experiments
2.1. Material processing and characterization

The studied material is a commercial powder of boron carbide
(Cerion Nanomaterials, Rochester, NY). Size and shape of the powder
are analyzed from the Scanning Electron Microscopy images in Fig. 1 left
and right (FEI Quanta 450 FEG). It is composed of non-spherical parti-
cles with an average diameter of 25 nm (Fig. 1 right) agglomerated in a
bimodal distribution of 0.6 ym to 0.8 um and 2 pm to 5 pm of broad
agglomerates Fig. 1 top left). These observations on the bi-modal dis-
tribution of the agglomerates are confirmed by the particle size distri-
bution analysis performed on Anton Paar PSA 1090 in Fig. 1 (bottom
right). Identified distribution parameters are Djp= 0.54 pm, Dsg
2.48 ym and Dgp=5.48 ym with a mean size of 2.87 ym. Particle size
distribution has also been measured from a compacted sample after an
experiment performed at low temperature before initial sintering stage,
confirming the initial mean grain size and bimodal distribution Fig. 1.

The initial powder density has been measured by pycnometry via a
helium pycnometer Anton Paar Ultrapyc 5000. The measured initial
density of 2550 kg.m~? is close from the boron carbide theoretical one
2520 kg.m~3[1].

2.2. Methods for samples preparation and powder washing

For all the sintering experiments conducted on the SPS, 2 g of pure
B4C 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 at PTL were using an SPS
system SPSS DR.SINTER Fuji Electronics model 515. Temperature is
regulated by an embedded PID via infra-red pyrometry with Chino IR-
AHS.

An additional comparative study to determine the importance of the
powder oxidation [33] has been held between original powder batch
and washed powder batch. In this precise case, 5 g of powder has been
stirred in 10 ml of methanol, then dried in vacuum at 80°C for 2 hours.
In this process, boric acid undergoes conversion into trimethyl borate,
which subsequently evaporates as an azeotrope with methanol [34]. The
quantification of powder oxidation incidence during the initial sintering
stage at low temperatures has been added to the supplementary mate-
rials section.

After sintering process, dense samples were measured by a 3
weighing Archimedes method [35].

Wip,
P =W, Ws @

With p [g em 3] the sample density, p,, [g cm~>] the density of water,
W [g] the dry weight, W [g] the weight impregnated with oil and W3
[g] the weight of the impregnated sample in water.

2.3. Experimental results

Dilatometry data issued from the SPS are vertical displacement as
function of time and temperature. The density evolution during the
temperature profile in a die compacting can be calculated from the
expression:

Pe = &hf 2
¢

With ps [g cm’?’] the final density, hy the final height, h; [cm] and p;
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Table 1
Specimen measurements post-sintering and their corresponding thermal
profiles.

Temperature Profile  Final Final Weight Bulk Relative
height radius (€3] density density
(mm) (mm)

1500°C for 15 min, 7.31 7.50 2.14 1.70 67.5 %
60 MPa, 50 °C/
min

1500°C for 15 min, 6.62 7.50 2.26 1.90 75.4 %
80 MPa, 50° C/
min

1600°C for 15 min, 8.68 7.50 2.70 1.76 69.8 %
60 MPa, 50° C/
min

1800°C for 15 min, 5.50 7.50 1.96 2.06 81.7 %
60 MPa, 50° C/
min

1800°C for 15 min, 4.49 7.50 1.92 2.45 97.2 %
60 MPa, 100° C/
min

1800°C for 15 min, 5.45 7.50 2.04 2.16 85.7 %
60 MPa, 25° C/
min

1800°C for 15 min, 4.57 7.50 1.89 2.42 96.0 %
60 MPa, 75° C/
min

1800°C for 0 min, 5.23 7.50 1.97 2.13 84.7 %
60 MPa, 75° C/
min

1800°C for 8 min, 4.54 7.50 1.91 2.38 94.5 %
60 MPa, 75° C/
min

1800°C for 15 min, 5.55 7.50 1.93 2.42 96.0 %
Pressure
variations, 50 °C/
min

1500°C 60 Mpa 7.4 7.50 2.12 2.26 89.7 %
50 °C/min
(washed with
methanol)

1800°C for 15 min, 4.42 7.50 1.86 2.39 94.9 %
60 MPa 100 °C/
min

1800°C then 5.76 7.50 1.95 2.07 82.2%

1700°C for
15 min, 60 MPa

[g cm~3] the height and the density at the specific time t [s],
respectively.

Measurements on samples from the different conducted studies have
been gathered in the Table 1. Details on preliminary studies at 1500°C
and 1600°C mentioned in the Table 1 are in the supplementary material
section of the article. The final height and density values are taken as
reference for the evaluation of the relative density as function of the time
with Eq. (2).

2.4. Experiments

2.4.1. Variations on the heating rates

A comprehensive investigation involving multiple sintering experi-
ments has been conducted. These experiments used temperature profiles
with different heating rates, reaching a maximum temperature of
1800°C and a die compaction pressure of 60 MPa. The results obtained
from these experiments, with heating rates ranging from 25 °C/min to
100 °C/min, are presented in Fig. 2. Data analysis reveals nearly com-
plete densification at heating rates of 75°C/min and 100 °C/min,
achieving final relative densities of 96.0 % and 97.2 %, respectively.
Examining Fig. 2 and Table 1, it is evident that the minimum final
density is observed for the run at 50 °C/min, reaching 81.3 % relative
density. The notable aspect is the acceptable densification achieved,
nearly attaining full density under specific conditions without
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Fig. 2. Relative density as a function of temperature (a.) and time (b.) for
thermal profile at 1800°C and heating rates ranging from 25 °C/min to
100 °C/min.

encountering thermal runaway or local melting.

In the literature [15], it is noted that a heating rate below 85 °C/min
results in abnormal grains in the lower part of SPS-sintered samples,
thereby impacting final densification. Similar to our findings, the sub-
optimal densification configuration in our study occurs at 50 °C/min,
while 75 °C/min and 100 °C/min exhibit a more favorable densification
response.

The slowest heating regime of the study, 25 °C/min, shows a higher
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densification than the one during the experiment with a 50 °C/min
heating regime. For this particular case, a parallel could be made with
this SPS study to the sintering of alumina by Demuynck et al. [36] where
it is stated that SPS’s PID is not optimal for a regulation at low heating
rate. A thermal profile with a heating rate below 50 °C/min with this
technique could thus explain this experimental result. Results from
simple preliminary sintering experiments displayed almost fully dense
and refined microstructure from without any problematics of melting
and thermal runaway. Conducting an SEM microstructural analysis of
the sample should provide a quantitative assessment of the significance
of the grain growth phenomenon and the grain size distribution in the
sample. On the other hand, based on the accurate and almost fully dense
samples data, the derivation of the constitutive parameters for a sin-
tering simulation is now possible.

3. Microstructural analysis

Microstructural analysis has focused on the sample from the exper-
iment following the temperature profile of 75 °C/min, 15 min at 1800°C
and with 60 MPa uniaxial pressure. The specimen has been sliced and
polished before SEM observation (FEI Quanta 450 FEG). Prior to
revealing the microstructure with backscattered electron detector (Fig. 3
left) an electro-etching has been performed with KOH solution under a
0.2 A current for 20 s.

Fig. 3 presents dense homogeneous granular microstructure with a
few pores (left) and the fracture profile with similar grain size distri-
bution (right).

From micrographs above the grain size has been identified via the
linear intercepts method [31,37].

_ Xx1.56

¢ N

3

Mean grain size G [m] is calculated from the ratio between the
number of the grain boundaries X within a line of length N [m] and
multiplied by a standard stereological factor of 1.56. Grain size distri-
bution in the sample does not take into account the abnormal grain sizes
with a mean grain diameter of 2.98 um close to the top surface (Area a,
Fig. 4) and 2.8 um close to the bottom surface of the sample (Area f,
Fig. 4). Accordingly, based on the linear intercept method, the general
mean final grain size is 2.91 ym.

Additional two interrupted sintering experiments have been per-
formed to quantify the microstructure evolution, as shown in Fig. 4. The
quenches follow similar temperature and pressure profiles, with one
experiment including an 8-minute temperature hold after reaching
1800°C and the other without a temperature hold. The same charac-
terization method revealed an average grain size of 1.6 um for the
experiment without temperature without significant variation from the
bottom to the top of the sample. The second specimen showed an

Fig. 3. Secondary electron microscopy micrograph at magnification x10k (left) back scattered electron microscopy micrograph at magnification x29k (right).
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Fig. 4. Microstructure of specimen interrupted at 0 min, (a.), 8 min (b.) and 15 min (c.) of the temperature holding. Schematic of areas analyzed for microstructure
characterisation (d.). Relative density and microstructural evolution for the temperature profile 75 °C/min, 1800°C for 15 min.

average grain size of 2.47 um, with a mean grain diameter of 2.58 ym
close to the top surface (Area a) and 2.36 um close to the bottom surface
(Area p) of the sample.

4. Data processing and modelling
4.1. Model description

From the continuum theory of sintering [20], one can consider the
studied samples to have a creep underlying dense phase behavior. The
equivalent stress and strain rate equations obey Norton creep law:

Go\"exp(z})
O) %aeq (4)

tog = A(T,G)oeg" = Ao <
G
with n being the creep law stress exponent, Ay [Ks '-Pa™"] the
deformability pre-exponential factor, G [m] the grain size, Gy [m] the
initial grain size, m the grain growth exponent, Q [J mol ] the apparent
sintering activation energy and T [K] the absolute temperature.
Equivalent stain rate and stress tensors are defined as:

. 1 <2 -2
Eeq = + e 5
w= e VY (5)
2 (P-p)®
st
e ©

where ¢ and y are respectively the normalized shear and bulk moduli,
functions of the porosity 6. Terms r [MPa], P [MPa], 7 [s"'7andeé[s ]
are the stress and strain rate invariants defined below.

\/(g)r - GY)2 + (oy — ‘72)2 + (0 —0x)" + 6(‘%’ o+ 63“)

r= @)
V3
Ox + 0y + 03 L
p=Z T _2 8
3 3 ®
. .9 .9 .2 2 .9 .2 .2 2, . .. .o
7=1/2 (exy + exz+eyz> + 3 <8x+8y+€z> -3 (Exty + &y + &8;) 9

e=écté +é; (10)
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The term P, [MPa] is the Laplace stress originated from particle
capillarity forces. The latter can be defined by the particle radius and the
porosity from Skorohod-Olevsky theory [20,38].

pz:B_r“a p an

In the present case of SPS, the capillarity forces can be neglected
compared to the applied stress (P;<c,).

The mass conservation law is used to link the rate of porosity elim-
ination with volume change rate.

0 ,
= 12
a-0 e 12)
Finally, the general sintering behavior of a continuum can be defined
as:
Oeq [ . 1., .
o=—|@pe+ |y —5@|el + Pji (13)
Eeq 3

4.2. Specific case for SPS

Spark Plasma Sintering can be assimilated to a high temperature die
pressing test (along the z-axis). The external strain rate tensor can be
reduced to:

0 0 O
eé=(0 0 O (14)
0 0 &

The lateral friction is neglected via the use of graphite foil interface.
Based on Eq. (12), we can simplify.

e—é '—|é\\ﬁé PN UAS U

=&Y = |& 3,eq— z 1_0

With combination of Egs. (4), (13), (14) and (15) the stress toward z
direction, o, term, is:

(15)

1
ol
eq" . 1.
6, = Sq_l (¢52+ (W—§Ip>€z> (16)
A(T,G)n
The analytical SPS equation is then:
Go\"exp(D) (2 \ T
D Go\ " explgr 2 T
el =0( %) B (4 30) T a-0Flo an

With y and ¢ the normalized shear and bulk viscosity moduli
expressed as:
2(1-0)° )
y== andy = (1 -6) as)
3 0
From the Eq. (17), the constitutive parameters to be determined are
then the creep law stress exponent n, the activation energy Q and the
pre-exponential factor Agp.

4.3. Derivation of the creep law stress exponent: n

In this part, the stress exponent n is identified. The method, based on
analytic equations detailed above, follows a similar procedure than the
one detailed in Maniere et al.[27] and Li et al. [28] publications. The
technique involves implementing specific "pressure jumps" while
maintaining a constant temperature. In this application, the method is
employed to determine the exponent "n" by analyzing the change in
sintering shrinkage rate before and after the pressure "jump." It is crucial
for the abrupt pressure change to be sufficiently rapid to prevent sig-
nificant fluctuations in relative density.

From analytical Eq. 16 we can isolate n term:
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Fig. 5. Measured die compaction force and relative density of the studied
specimen as a function of time with a temperature profile up to 1800°C with a
heating rate of 50 °C/min.

n

Vv1-0 [
V2o \VI=0\/w+ie

If the pressure jumps of the stepwise approach result in no changes in
porosity, the ratio of the strain rates before and after the pressure
variation simplifies all terms dependent on porosity. Consequently, the
formulation (19) is thus simplified to:

ey = A 19)

(20)

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

n
& V1791\/y/2+%¢2 51\/1*92\/W2+%¢2 @1

€2 V1—=024/y +320, | 62v1 =0, \/'l’lJF%(/’l

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

g1 A/ 1=02 /vy +%//:1

&
€2 \/1-01 \/ya+§02

¥

n= (22)

In| 2 V1-01 \/wa+3e,

92 /105 \/y1+301

¥

Skorohod theoretical moduli are used in this study (Eq. 18), hence
the expression (22) can be reformulated as:

[&a]  /(1-61)62
In (éz 10,01 )
(23)
(1-02)01 (1-02)
In (2 Ve <1of>>

In the experimental study, three pressure jumps of 10 MPa each were
executed, transitioning from 37 MPa to 67 MPa. Each holding step las-
ted 2 minutes with a stepwise pressure application every 10 seconds.
This was carried out during a temperature hold at 1800°C with a heating
rate of 50 °C/min. Based on the experimental data (as depicted in Fig. 5)
and Eq. (23), the parameter “n” was identified as n=1.89. This value
closely aligns with n=2, as reported in Diatta et al. analogous work on
the characterization and modeling of spark plasma sintering of boron
carbide [32]. Consistent with these findings, [39] literature also asso-
ciates the exponent “n” with a value of 2.

n=
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Fig. 6. Thermal profiles and relative density as function of the time for ex-
periments conducted at 1800°C for 15 min (in black) and at 1800°C then
1700°C for 15 min (in red).

4.4. Derivation of the activation energy: Q

Initially, the variation in the heating rate, presented above, was
intended to serve as data for identifying the apparent sintering activa-
tion energy using methods such as the master sintering curve (MSC) [30]
or kinetic fields [40-42]. However, in our case, processing data within a
narrow experimental non-isothermal zone could potentially yield biased
results. In light of this, we opted for an isothermal method in this study,
and its application for deriving the activation energy is discussed in the
following section.

As reported in Maniere et al. work [22], the value of the creep law
activation energy Q can be determined via tests at different holding
temperatures. From the analytical expression (17) and (12) we can
formulate:

—n-1
e\l 2 N
7A0(G) T y/+3g0 1-0) 2 oy 24

0
(1-9)

For two SPS compaction tests at the same applied stress o, and the
same porosity 0, and for different temperature holding:

i
0,

exp (;?)
E:i:exp<9<l,l>> (25)

T. B R
Tl

Isolating the apparent sintering activation energy Q:

Rin(% In)
Q=127 (26)

T, T

In the experimental study, two SPS experiments with similar thermal
profiles were conducted, employing a 60 MPa pressure and a heating
rate of 100 °C/min. The first experiment was carried out at 1800°C for
15 minutes (depicted in black in Fig. 6), while the second experiment
reached 1700°C for 15 minutes following a peak temperature of 1800°C,
illustrated in red in Fig. 6 below. Subsequently, using the Eq. (26) and
experimental data, the activation energy (Q) was derived for a relative
density ranging from 79 % to 82 %, resulting in an identified value of
345 kJ/mol. This value closely aligns with the findings of Diatta et al.,
who reported values of 292 kJ/mol and 385 kJ/mol [43].

4.5. Grain growth modeling

In this task, the modeling of grain growth has been conducted using
the experimental data presented in Section 4, with a mean initial grain
size of 1 ym and a final average grain size of 2.9 pm. The grain growth
has been modeled using the expression (27), which describes the grain
growth rate as a function of relative density and grain size [11].
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Using Eq. (25) and sintering data, the following parameters were
fitted: the pre-exponential factor ko is set to S5E-14 m® s, and the grain
growth activation energy Qg is determined to be 240 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. 7. The
latter figure also gather grain size evolution from conducted quenches
experiments.

4.6. Fitting with linearization for the derivation of Ao

From the mass conservation law (10), the Eq. (15) can be rearranged
and linearized with a logarithm form to isolate Q and Ay as below[44]:

voin(10(%) (ve3e) T 0-0 Tl | a0 - e

For the purpose of this study, the reference profile is 1800°C for
15 min, uniaxial pressure of 60 MPa, 75 °C/min where the final relative
density has reached 96 %. In this case the regression is focused in a zone
with limited grain growth, below 85 %RD (see Fig. 8) so the term A is
simplified to its formulation:
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Fig. 9. Axisymmetric geometry for FEM model of SPS.

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

Properties Inconel Graphite Graphite felt

Electrical 1/(1.6x 1/(5.81x 107 x T3+ 333
conductivity 1070 % T + 1.29x 10712 x T2
(Sm™) 9.82x 1077) —9.17x107° x T +

1.84x 107°)

Thermal -157x 1072 —6.13x107° x T® + For T<1273 K
conductivity x T + 10.09 3.74x 107° x T? 2.00x 10-7 x T?
W-m™ LK™ —8.55x 1072 x T + ~1.90x107*x T

100.05 +0.14
For T > 1273
0.217
Heat capacity 0.250x T + —9.6x 107* x T2 + For T<1673 K
J-kg LK) 344 2.72x T-34.27 0.69x T +
507.53
For T > 1673 K
1675
Density (kgm™) 8430 1860 88
Young’s modulus 400 180 -
(GPa)

Poisson’s ratio (-) 0.29 0.262

Seebeck - 2.28x 107! x T2
coefficient —427x 108 x T +
VK™ 1.16x 107°

Emissivity (-) 0.67 0.8 0.99

-Q
A(T) = 2,50 r) 29)

T

The value of Q is fixed for a linear fitting from the identified value
detailed in the previous part.

The identified value for the deformability pre-exponential factor is
Ap =1.5112E-5 (K-s~1-Pa™)

5. Results and discussion

In this section, the mechanical model is integrated into the COMSOL
Multiphysics™, a commercial finite element software. This software
facilitates the coupling of various physical aspects of the SPS furnace
with the mechanical sintering model, allowing for a comprehensive
electrical-thermal-mechanical simulation, including the incorporation
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Table 3
Properties of boron carbide powder as a function of the relative density.

Properties Boron carbide
Electrical conductivity 1-312p) ) /7,67 1013 x T4 —2.74x 10 x T? +
(Sm™h 2
3.58x 107 x T* —2.03x 10~% x T + 0.45)
Thermal conductivity 3 6 2 s
Wom LK (1 -0 —p))-(4.87>< 10 x T2 -1.91x 1072 x T +
32.24)
Heat capacity p-(8.22x 10-14xT® —8.79x 1071 x T* + 3.57x 107® x
(J-kg LK™ T® —6.89% 1072 x T? + 6.67x T—463.60)

Young’s modulus (GPa) ~ (—3.88x 10% x T? —5.12x 10° x T + 4.51x

11 P
1071 121301 7p))
Poisson’s ratio (-) 0.18
Seebeck coefficient 1.32x 107* x In(T) —7.67x 10~*

VK™

of thermoelectrical effects. For the study, the sintering configuration is
computed as a 2D axisymmetric model, as illustrated in the geometry
shown in Fig. 9.

5.1. SPS Model implementations

The implemented SPS model can be depicted as a composition of 6
main components, the flow of electric current, the induced Joule heat-
ing, the surface-to-surface radiation, the thermoelectric effects, the
densification and the grain growth. The 4 first are solved for both the
SPS tooling and the specimen while the 2 last ones are solved for the
boron carbide specimen only. Implementation of these components is
widely depicted in literature [11,32,45-47].

Thermal, mechanical and electrical properties of the materials used
for the simulation are gathered in Tables 2 and 3. Parameters for
Inconel, graphite and graphite felt are issued from literature [32,45,48]
and properties for boron carbide from[1,32,49]. Analogously to the SPS
simulation of boron carbide from Diatta et al.[32], electrical contact
resistance are issued from the work of Wei et al. [50] and thermal contact
resistance on its side are issued from the work of Maniere et al.[46].

Initial temperature for the whole tooling is assumed to be 20°C, at
this state electric current density in the whole SPS tooling is set to zero.

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

e The initial displacement is uniformly set to zero throughout the
entire tooling.

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

e The lower punch is fixed within the model and remains without
vertical displacement.

e The remaining boundaries are designated as free.

Electrical boundary conditions are: ground is fixed on lower elec-
trode and its potential equals zero. The current is applied to the upper
electrode and the current is regulated via a PID controller embedded
[47] with the following the expression:

de(t)

dt (30)

1(t) = Kpee(t) + K; / e(0)dr + Ko

Most suitable parameters for this PID controlling are Kp=1500,
K;=100 and Kp=10

The distinctive feature of the presented model for the spark plasma
sintering of boron carbide powder is its integration with the thermo-
electrical model, as discussed in the publication by Diatta et al. [32]. In
this literature, a notable thermal gradient was observed in the B4C
sample, resulting in heterogeneity between the top and bottom surfaces.
The explanation for the cooling of the bottom junction and heating of the
top one lies in the fact that boron nitride is a p-type conductor, while
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graphite punches are n-type conductors. This phenomenon can be
explained by the generation of electron-hole pairs at the bottom and
hole recombination at the top of the sample. The Peltier effect is thus
non-negligible and needs to be incorporated into our Finite Element
Model (FEM).

5.2. Simulation results

The simulated evolution of the mean relative density, when
compared to the experimental data, demonstrates a strong correspon-
dence, as depicted in Fig. 10. The presented model, incorporating
derived parameters, accurately predicts the densification of the exam-
ined specimen.

In Fig. 11, a more detailed depiction of the density distribution
during the temperature dwelling at 1800°C is provided for specific time
points: t=1500 s (beginning of the holding), t=2000s, and t=2410s
(final sintering time). The density mapping reveals higher densification
than the mean value at the top part of the sample and lower densifica-
tion at the bottom part. Concurrently, the visualization of grain growth
at the same time steps in Fig. 11 indicates a similar distribution: thinner
grains at the bottom of the sample compared to the top, with a narrow
grain size gradient. By comparison with experimental data, the simu-
lated sample show similar relative density at the same time step. The
simulated average grain size evolution and its distribution through the
thickness of the sample also follows the experimental data. As quantified
in the characterization part, at the time step 1500 s the average grain
size is of 1.6 um for the experiment conducted without temperature
holding, with no significant size variation from the bottom to the top of
the sample. This value is slightly underestimated by the model but could
be explained by the experimental precision of the quenching. The
simulation result at the timestep at 2000s concords with experimental
data conducted with 8 min holding exhibited an average grain size of
2.47 pm. The simulation also demonstrates here its ability to predict the
characterized grain growth span as can be observed for the time step at
2000s and the final result at 2410 s of simulation. The grain growth
appears to be contained, with a simulated 150 % mean grain growth at
the final stage (Fig. 11).

In this study, a significant thermal gradient (~10°C) is observed in
the simulated B4C sample, leading to heterogeneity between the top and
bottom surfaces. The cooling of the bottom junction and heating of the
top junction can be attributed to the distinct conductive properties of the
materials involved: boron nitride acts as a p-type conductor, while
graphite punches serve as n-type conductors. This results in the gener-
ation of electron-hole pairs at the bottom of the sample and hole
recombination at the top [32].

In the present case, the effect is non-negligible, with a 10°C differ-
ence during the holding period and up to 15°C at the end of the heating
regime at a timestep of 1500 s (Fig. 11) between the top and bottom
sections of the sample. Compared to the cited literature [32], the ther-
moelectric effect observed here seems to be of lower importance.
However, experiments and simulations were performed with samples of
approximately 2.5 times smaller height, resulting in less pronounced
cooling. Therefore, this simulation exhibits relatively lower thermal,
density, and microstructural gradients.

6. Conclusion

This article reports details of spark plasma sintering of a boron car-
bide powder, from powder characterizations to the development of a
comprehensive finite element simulation of the powder sintering via
SPS. Low microstructural coarsening is also being observed that looks
auspicious for future mechanical analysis. The powder has been sintered
at up to 1800°C with heating rate ranging from 25 °C/min to 100 °C/
min allowing almost full densification for the most favorable cases
(97.5 % and 96.0 % relative density for 100°C /min and 75 °C/min).

The description of the methods used for the derivation of constitutive
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parameters from Skorohod-Olevsky theory of continuum sintering based
on the experimental data processing has been at the center of this study.
The identification of parameters such as apparent sintering activation
energy (345 kJ-mol™1), creep law stress exponent(n=1.89) and pre-
exponential factor has been discussed.

Finally, the conducted work included the porting of the developed
model to a Multiphysics FEM commercial software, COMSOL™,
enabling the coupling of thermal, electrical and mechanical physics for
an exhaustive simulation of boron carbide spark plasma sintering. It has
exhibited a predictive modeling with details on density and grain size
distributions linked to temperature gradients in the powder specimen.
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