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sintering in current control mode of pure ultrafine WC powder
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Abstract The intricate bulk and contact multiphysics of
spark plasma sintering (SPS) together with the involved
non-linear materials’ response make the process optimiza-
tion very difficult both experimentally and computationally.
The present work proposes an integrated experimental/
numerical methodology, which simultaneously permits the
developed SPS model to be reliably tested against experi-
ments and to self-consistently estimate the overall set of
unknown SPS contact resistances. Unique features of the
proposed methodology are: (a) simulations and experiments
are conducted in current control mode (SPS-CCm); (b) the
SPS model couples electrothermal and displacement fields;
(c) the contact multiphysics at the sliding punch/die inter-
face is modeled during powder sintering using a moving
mesh/moving boundary technique; (d) calibration and val-
idation procedures employ both graphite compact and
conductive WC powder samples. The unknown contact
resistances are estimated iteratively by minimizing the
deviation between predictions and on-line measurements
(i.e., voltage, die surface temperature, and punch displace-
ment) for three imposed currents (i.e., 1,900, 2,100,
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2,700 A) and 20 MPa applied pressure. An excellent
agreement is found between model predictions and mea-
surements. The results show that the SPS bulk and contact
multiphysics can be accurately reproduced during densifi-
cation of ultrafine binderless WC powder. The results can
be used to benchmark contact resistances in SPS systems
applicable to graphite and conductive (WC) powder sam-
ples. The SPS bulk and contact multiphysics phenomena
arising during sintering of ultrafine binderless WC powders
are finally discussed. A direct correlation between sintering
microstructure, sintering temperature, and heating rate is
established. The developed self-consistent SPS model can
be effective used as an aiding tool to design optimum SPS
experiments, predict sintering microstructure, or benchmark
SPS system hardware or performances.

Introduction

Despite the worldwide popularity of the SPS process, our
capability to control sintering phenomena is still relatively
poor. A number of physical microscopic and macroscopic
mechanisms have been proposed to explain powder densi-
fication under the action of electric currents and pressure [1].
However, the common difficulty of measuring temperature
in the sample makes the prediction of the final microstruc-
ture and its correlation with either sintering temperature or
SPS parameters very difficult. As temperature measure-
ments are only possible with an optical pyrometer at the
outer die wall, and thermocouples suffer from an upper
detection limit, alternative methods to interrelate actual
sintering conditions with measured quantities are demanded.

Computer modeling is an effective aiding tool, in this
respect, provided that the models are capable of capturing
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the essential SPS multiphysics and their reliability is
thoroughly tested against experiments. Among the avail-
able numerical techniques, the finite-element method is
particularly suited for solving complex multiphysics
problems with a strong non-linear materials’ response.

Most of the published SPS macroscopic models refer to
temperature control mode (SPS-TCm) experiments. It is
well known that SPS-TCm operation mode utilizes closed
currents loop feedback to indirectly control the sample’s
temperature by measuring the die wall surface temperature
[2-15]. Most of the inherent SPS-TCm computer models,
although suffice for qualitative SPS description, lack of
prediction capability thereby are unable to reliably predict
the sintering temperature or to correlate microstructure
with SPS parameters. On the other hand, useful experi-
mental information such as on-line voltage drop and punch
displacement recordings are seldom used for this purpose
although measurable and important to enhance models’
reliability.

The aim of this paper is to illustrate a combined
experimental/modeling methodology allowing building a
reliable SPS model, which enables us to simulate actual
SPS phenomena, including shrinkage-induced phenomena,
and to self-consistently estimate the overall set of unknown
SPS system contact resistances. The final aim is to quan-
titatively predict actual sintering conditions in the case of
WC powder sample. Self-consistency is here referred to as
the possibility of using the same SPS model in conjunction
with designed SPS experiments to estimate a number of
desired unknown SPS parameters. The designed calibration
and validation procedures will enhance the accuracy of the
model at each iteration by refining unknown parameters
estimates. The convergence criterion is based on the min-
imization of the deviation between online recorded voltage,
temperature, and displacements data and the corresponding
computed field variables.

This paper is the second part of a wider research project
aimed at investigating the SPS of ultrafine (UF) binderless
WC powder with minimum grain growth. The first part is
mainly focused on the experimental work and on the
application of the designed methodology to establish a
correlation between SPS parameters, sintering temperature,
microstructure, and hardness in consolidated WC powder
[16].

The paper’s outline is as follows: the designed numeri-
cal/experimental methodology is described in Sect. The
combined experimental/computational methodology; the
features of the employed SPS apparatus and the conditions
of SPS-CCm experiments are summarized in Sect. SPS
current control mode (CCm) experiments; the SPS model is
illustrated in Sect. The SPS model; the adopted solution
strategy 1is illustrated in Sect. The solution strategy; the
SPS model reliability and testing procedure are described
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in Sect. SPS model reliability; in Sect. Understanding of
SPS multiphysics, the results are discussed and a new
understanding of SPS is attempted; the main conclusions
are drawn in Sect. Conclusions.

The combined experimental/computational
methodology

The SPS process can be viewed as the result of a complex
interplay between bulk and contact multiphysics, which
may occur at the microscopic scale (i.e., particle level) as
well as at the macroscopic scale (i.e., equipment level). A
rigorous approach to SPS modeling should actually take
into account phenomena at both scales. On the one hand,
microscopic SPS and shrinkage phenomena can be accu-
rately predicted provided that macroscopic electrothermal—
displacement phenomena are reliably accounted. On the
other hand, a macroscopic SPS model is reliable when a
direct and intimate relationship between experiments and
physical model is established.

Since quantitative predictions of macroscopic electro-
thermal along with shrinkage phenomena in SPS are not yet
proved, the primarily aim here is to develop a methodology
to accurately predict macroscopic SPS electrothermal phe-
nomena occurring in the SPS system. The displacement
field induced by powder shrinkage significantly affect heat
generation and distribution inside the SPS system. Thus, it
has to be taken into account in the SPS model although the
presence of unknown experimental parameters inevitably
introduces experimental and modeling difficulties.

The proposed strategy to approach the problem is to use
the SPS model alternatively either as a parameter estimator
or as an experiment designer. As new experimental data
become available, the unknown SPS parameters estimate is
refined, the model prediction capability improved and the
designed experiments more effective. The basic require-
ment is that the SPS model is able to capture the essential
features of the real SPS process.

Unique feature of the proposed methodology is that
experiments and simulations are carried out under SPS-
CCm rather than commonly used SPS-TCm. The SPS-
CCm operation mode is here selected since it provides the
simplest and most realistic method to compare SPS simu-
lations with measurements.

This provides an effective criterion to experimentally
calibrate and validate the developed SPS model and yet
either to enhance understanding of the process or to speed-
up the experimental setup. In addition, it suggests a con-
venient method to characterize intrinsic hardware features
of SPS apparatuses, such as SPS contact resistances. Once
the SPS apparatus is fully characterized with the help of the
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SPS model, more complicated operation modes, such as
SPS-TCm or SPS microscopic sintering phenomena, can be
investigated.

As in SPS-CCm process, the imposed current is held
constant until the measured punch displacement rate
reaches steady state, the time to steady state in the punch
displacement versus time curve defines the sintering time.
Thus, for times greater than the sintering time only thermal
effects are involved.

Another advantage of SPS-CCm is that higher and more
controllable heating rates can be investigated. Indeed,
heating rates of up to one order of magnitude greater than
those in SPS-TCm are possible. High heating rates are
particularly useful to control grain size in “difficult-to-
sinter” ceramics powders, such as binderless UF WC
powder, due to their sensitivity to rapid grain growth.

To enhance the reliability of the SPS model, several on-
line readings, such as voltage, die surface temperature, and
punch displacement, are exploited to calibrate and validate
the SPS model.

To minimize experimental and computational efforts,
the SPS model is kept as simple as possible but worth of
capturing the essential bulk and contact multiphysics of the
real SPS process. Bulk phenomena are assumed to be
involved in graphite spacers, die, moving punch, and
shrinking powder. The fundamental theory of resistive
heating in bulk continuum media is well established and
will not be discussed further. However, the “contact mul-
tiphysics” being less understood theoretically and
experimentally will be presented in the contest of SPS.
Several unknown factors such as non-smooth or contami-
nated surfaces, pressure, differential thermal expansion,
relative sliding, etc. make the contact multiphysics between
two surfaces very difficult to analyze.

In this work, special attention is given to contact resis-
tance changes due to both differential thermal expansion
phenomena and to relative sliding of contact surfaces
during powder shrinkage. The unknown SPS contact
resistances will be treated as lumping parameters and their
estimate will be refined iteratively in function of temper-
ature. The lumping parameters may embody others
unknown factors, which are not explicitly taken into
account by the model. The iteration process will converge
to a final solution provided proper calibration and valida-
tion procedures are designed.

The porosity dependence of powder properties is taken
into account through the on-line measured shrinkage versus
time curve although a correction for the system differential
thermal dilatation is required. The effective property
approximation is assumed for the powder properties.

Figure 1 summarizes the basic principles behind the
proposed methodology. It underlines that the final SPS
model can be used to concurrently explore the actual
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Fig. 1 Scheme of the proposed methodology based on SPS current
control mode (CCm) experiments and simulations

process as well as to design optimum SPS experiments or
to predict microstructure, once reliably calibrated and
verified against experiments.

SPS current control mode (CCm) experiments

In this section, only a brief overview on the experimental
activity is given. Further details can be found in a pre-
ceding paper [16]. SPS experiments are conducted with a
SPS-1050 (100 kN) machine (see Fig. 2 in [16]). The
hollow cylinder die is made of graphite having 50 and
20 mm as diameters and 40-mm height. Two graphite foils
are adopted to avoid possible interface reactions between
the punches and the WC powder. All SPS experiments are
carried out in vacuum under SPS-CCm with a constant
uniaxial pressure of 20 MPa. Three imposed DC currents,
say 1,900, 2,100, and 2,700 A are investigated. An optical
pyrometer is employed to monitor the die surface temper-
ature above 570 °C. The internal walls of the chamber are
water cooled and held to a temperature of 25 °C. The
influence of a graphite felt pan on radiation losses at the die
surface is investigated. UF binderless WC powder is used
as powder sample. Its average thickness is 2 mm after
sintering (Fig. 2). A total number of 60 samples are pro-
cessed to calibrate and validate the SPS model within the
proposed methodology. Processing data along with
inspected microstructures and measured hardness data are
utilized to: (a) accurately estimate the SPS unknown set of
contact resistances, (b) test the reliability of the developed
SPS model; (c) assess the effectiveness of the overall
methodology.

Figures 3, 4, 5 show the measured voltage, the die
surface temperature and the punch displacement versus
time profiles for the three investigated imposed currents,
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SAMPLE:
UF Binderless WC
green density: 0.28%
@ 20 x 2 mm (as sintered)

‘ Rppc = 0; 4; 8 mm ‘

inspection points

Fig. 2 Mechanical and microstructural inspection points in WC
powder sample
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Fig. 3 On-line voltage drop measurement for 1,900, 2,100, and
2,700 A imposed currents and 20 MPa external pressure
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Fig. 4 On-line die surface temperature measurement for 1,900,
2,100, and 2,700 A imposed currents and 20 MPa external pressure;
peak temperatures are also marked in

1,900, 2,100, and 2,700 A, respectively, and 20 MPa
applied pressure. The peak temperatures and sintering
times are, respectively, marked in Figs. 4, 5.
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Fig. 5 On-line punch displacement measurement for 1,900, 2,100,
and 2,700 A imposed currents and 20 MPa external pressure;
sintering times are also marked in

The SPS model
The field coupling strategy

Electric and temperature fields are intrinsically coupled by
Joule’s effect both over the volume and at interface
boundaries. A displacement field is associated to moving
parts such as the upper spacer, punch, and powder. Such a
displacement field can be computed by specifying a “true”
shrinkage versus time function to the horizontal punch/
powder interface using a moving mesh scheme. The
computed displacement field may take into account thermal
expansion effects (Fig. 6). Section Materials properties and
the shrinkage model will illustrate the strategy how to
extract the desired true shrinkage function from the mea-
sured punch displacement versus time curve.

Powder shrinkage affects the bulk electric and thermal
fields via the change of powder physical properties (which
in turn are function of porosity) and the contact resistances
at punch/die, powder/die, and punch/powder interfaces. All
these factors are described in detail in subsequent sections.

The electrothermal model

The accurate prediction of the influence of electric currents
on the temperature field is crucial to control the SPS pro-
cess. The current flow in graphite elements and powder is
governed by the continuity equation, which follows from
Maxwell’s equations [17]:

V|[-o(T,RD), VU] =0 (1)
with
E=-VU (2)
and
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Fig. 6 Scheme of the SPS
fields’ coupling

J = o(T,RD),E (3)

where J , E, U, o, and RD are current density vector,
electric field vector, electric scalar potential, electrical
conductivity, relative density, whereas subscript i =1
stands for graphite element domains (RD; = 1) and i = 2
stands for powder (RD, depends on the true shrinkage
versus time function).

Joule heating is referred to as an irreversible phenom-
enon. It is a dissipative volumic heat generation (Ov) due
to current flow resistance:

/QV v = /i . Edv = /a(T,RD),. |E[*av
Vi Vi Vi
= / o(T,RD), (VU)*dV. (4)

Vi

The heat generation term is coupled to Eq. 1 through the
electrical conductivity. The latter depends on temperature
and, in case of a powder domain, it is also function of
displacement field through relative density. The heat
generation term is also coupled to heat conduction
equation which, in the integral form reads:

/C(T,RD)iaa—f av = /v-(k(T,RD),. VT) dv

Vi

Vi
+ / Ov(T.RD,U), AV (5)
Vi

where C, T, t, Qv, are heat capacity, temperature, time,
generated heat per unit volume V, respectively.

Equations 1-5 can be solved simultaneously in the
system domain provided that initial conditions, boundary
conditions, and interface conditions along with materials
properties functions of temperature in both graphite and

Displacement field

powder are defined. Due to the vertical axial symmetry of
the arrangement, only half of it is computed.

Moving boundary and moving mesh model

To simplify the application and to highlight the advantage
of the proposed methodology both experimentally and
computationally, only the upper parts (i.e., spacer, punch,
and powder sample) of the SPS system are assumed to move
during sintering. This simplifying assumption permits to
significantly reduce both the required computational time
and the number of tested samples without considerably
affecting the model accuracy and the generality of the final
results.

The arbitrary Lagrangian—Eulerian (ALE) moving mesh
technique [17] is employed to reproduce the axial dis-
placement field change during sintering. Both spacer and
punch move downwards during SPS according to a true
shrinkage function 6(f) specified at the selected moving
boundary (see Sect. Second-stage calibration: estimate of
true shrinkage for evaluation of true shrinkage function).
The upper horizontal punch/powder interface (I'; in Fig. 7)
is selected as prescribed moving boundary. The accurate
specification of this interface is important to realistically
reproduce actual contact areas change at both punch/die
and powder/die (I',, I'4 in Fig. 7) interfaces on sintering. It
will be demonstrated as the latter are fundamental for the
accurate estimation of electrical and thermal contact
resistances (see Sect. SPS model reliability for details).

The ALE moving mesh is a built-in scheme in Comsol
Multiphysics™ package [17]. The moving boundary
specification is combined with an efficient re-meshing
technique to ensure the accurate prediction of unknown
contact resistances and fields.
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I

Fig. 7 Investigated SPS contact interfaces

Boundary conditions

In Fig. 8b, c, the electrical and thermal boundary condi-
tions are summarized. A nil voltage is applied at the lower
ram end, whereas a constant current is specified at the
upper one. The lateral surfaces of graphite elements are
assumed to be electrically insulated. A symmetry boundary
condition is applied along the axial axis. Heat from
graphite surfaces is mainly transferred to environment by
radiation. Surface emissivity of graphite is assumed to be

Fig. 8 Assumed SPS model’s
boundary conditions:

a displacement; b electric field;
¢ thermal field

Displacement

Axis symmetric condition

(a)
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equal to 0.8 [18]. As the application of a carbon felt sur-
rounding the die can significantly reduce radiation losses,
experiments are conducted with and without graphite felt.
As SPS process is commonly operated in vacuum (5 Pa),
convection heat transfer can be reasonably ignored. The
chamber walls as well as the upper and the lower ram
surfaces are assumed to be at 25 °C all time. Adiabatic (or
symmetry) boundary condition is assumed along the lon-
gitudinal axis.

Materials properties and the shrinkage model

The main advantage of assuming a microscopically heter-
ogeneous material as macroscopically homogeneous is that
the continuum field theory can be applied. This approach,
however, requires the use of the effective property
approximation to evaluate the physical property functions
in graphite and powder domains. Heat capacity, thermal
expansion, electrical, and thermal conductivity are all
assumed to be functions of temperature. In the powder
domain, the time dependence on relative density is also
taken into account. During SPS, the porous domain evolves
from a very loose condition (RD ~ 0.28) to almost a full
density condition, passing through various degrees of
porosity. Several empirical or semi-empirical relations are
available in the literature to correlate thermal and electrical
conductivity directly to porosity (or relative density)
[18-20]. These relations, however, cannot apply when
relative density is lower than 50%. One of the simplest
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relations is that proposed by Sahimi et al. [21]. For elec-
trical and thermal conductivity, this relation reads:

o/o, =RD k/k, = RD. (6a,b)

Equation 6a, b assumes a macroscopically homogeneous
isotropic medium. In a microscopically heterogeneous
medium, however, the properties are expected to vary from
point to point.

At any time, the instantaneous relative density and the
compact shrinkage J(f) have to fulfill volume conservation:
RD([) - Vo - 50 (7)
po V() ()

where V is volume and “0” stands for initial condition. In
Eq. 7, the relative density works as a coupling parameter
between electric, thermal, and displacement field. The
measured punch displacement A.,,(#) provides a conve-
nient measure of the true shrinkage provided that it is
corrected for thermal expansion effects (see Sect. First
stage of calibration: evaluation of expansion effects in
graphite for details).

The temperature dependence of electrical and thermo-
physical properties are taken from reference [22, 23] except
for graphite GS-203 properties [24].

The contact resistance model

When two materials are pressed together, the relative
contact may be attained at finite number of points. The
electrical and thermal contact resistances depend on several
factors [25-31]: (a) surface finish/cleanliness of contacting
materials; (b) nature and morphology of materials in con-
tact; (c) applied pressure; (d) interface temperatures
(significantly affected by constriction and surface effects);
(e) contact surface area [23, 25]. Note that while the con-
tact pressure can play a significant role, especially when a
non-intimate contact is established between two contacting
surfaces, the interface temperature is always an important
factor in establishing the contact conditions as itself may
affect the contact pressure too. Applied pressure also
affects the contact resistance [27].

Across a perfect interface, the temperature and the
electric potential are usually continuous functions. How-
ever, the presence of geometric irregularities may prevent a
perfect contact.

In the SPS apparatus, the contact surfaces act in vacuum
under the influence of an external uniaxial pressure.
Figure 7 shows the various contact interfaces of interest in
the SPS system. The contact interfaces may broadly be
classified into either homogeneous (graphite/graphite) or
heterogeneous (graphite/powder) interfaces.

Prior studies mainly focused on the vertical contact
resistance clearly show that the vertical interfaces are more
sensitive to sintering conditions than horizontal ones,
although the general behavior of heterogeneous interfaces
remains obscure. Because contact resistances change dur-
ing sintering, it is not a priori possible to predict the
electric current distribution across such interfaces. Due to
this lack of physical knowledge, it has been decided to
model the overall SPS contact resistance system. Figures 9,
10 depict the basic principles of SPS contact resistance
changes during sintering. These principles have been
incorporated into the SPS model by means of the moving
mesh technique. The horizontal contact resistance R; (at I'
interface) is treated separately. This contact resistance is
characterized by a severe constriction effect resulting from
the large ratio of spacer to punch surface areas. From
modeling standpoint, constrictions phenomena are modeled
by Eq. 1. However, to completely determine R;, the sup-
port of specific experiments is required to account for any
accidental factor, which can arise in most contact interfaces
during service operations such as wear, contamination,
heating/cooling degradation, etc. According to Figs. 9, 10,
the contact resistance R, exhibits two important features:
(a) the two contact surfaces relatively slide along the lon-
gitudinal axis undergoing large displacements and (b) the
involved contact area is largest in the SPS system. The
relative movement of the contact surfaces is here modeled
by a combined moving boundary/moving mesh technique
since it can manage relatively large sintering displace-
ments. The (b) feature underlines that even slight changes
in R, may dramatically affect the SPS system behavior.

green dense i
/ j ‘\-\k\ ar .‘\.\.
R, : BRI || Aexp
(o w |
R, currents /  \currents A R. l
R4
R
3 R2
i (a) (b) i

Fig. 9 Transient phenomena associated to major SPS contact resis-
tances: a initial system configuration: contact resistances are largest
due to green powder (R3, R;) and minimum contact area (R));
b intermediate system configuration: contact resistances decrease due
to denser powder (R3, R4) and increased contact area (R;)
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Fig. 10 Working principle of (a)
the moving mesh/moving

boundary technique to model
the change of R, R3, and R4

punch displacem. Ay,

® ©

contact resistances during
sintering: a measured punch

displacement curve; b imposed _____
true punch/powder ) ! =

displacement (moving
boundary) driving the moving
mesh within the upper spacer/
punch/powder assembly; ¢
contact resistance change due to
powder shrinkage: the thicker
the interface, the larger the
contact resistance

exp(t

This implies that special care has to be taken in modeling
R, phenomena. R, is crucial because it involves a contact
with a powder surface, which shrinks during sintering. In
the present continuum approximation, this surface shrinks
according to a specified true shrinkage law. A large change
is also expected for R, especially at early sintering times,
due to the very low initial green density (about 28% rela-
tive density) of the powder sample. The contact resistance
R; is modeled through the time dependence of relative
density (RD) on electrical and thermal properties of the
powder compact.

Computationally, the whole set of contact resistances R;
is implemented in the program by interposing a thin layer
between the two contact surfaces of unknown film resis-
tance. This layer may take an arbitrary thickness (#) but
actual contact area. The electric current density and the
thermal flux across the interface are given by:

Je=0c(Ui —U2) Ge=he(T\ —T2) (8)

where c denotes contact interface, 1 and 2 identify the
individual contact surfaces and g, o, and h are thermal flux
across the interface and the electric and thermal gap
conductances, respectively. Joule-effect dissipation at an
interface can be modeled as:

e = Jo(Uy — Us) = 0. (Uy — Un). 9)

According to Holm theory [25], the electric contact
resistance R. for a homogeneous interface depends on
contact area (or pressure) and local temperature. The latter,
in turn, influences the local physical and mechanical
properties as:
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R. =

where ps, a are electrical resistivity and radius of the contact
area between two bodies, respectively. For a heterogeneous
interface, the electric contact resistance reads:

Ps,1 + Ps2
4 a(1) (11)

R, =

where p; and p,, are electrical resistivities of the two
materials.

Equation 10 gives a tangible evidence of the multi-
physics nature of contact phenomena in SPS. The electrical
resistivity depends on temperature; the contact surface
radius is related to the true displacement (i.e., shrinkage)
function and indirectly related to applied pressure. Due to
the large change of contact area, large changes in the
electric and thermal fields are also expected across the
inherent interfaces.

Simulation works [8, 10] report the estimates of the
electrical gap conductance by assuming for the electrical and
thermal gap conductance the same temperature dependence
as assumed for bulk properties. In addition, they assume that
the overall SPS contact resistance system can be accounted
by only two parameters, namely the horizontal and the ver-
tical contact resistance, respectively, for either the electrical
and thermal contact conductances (or resistances).

In addition, contact resistances may be additionally
affected by differential thermal expansion. Especially, the
radial thermal expansion may cause the vertical contact
pairs to become tighter during sintering. This may imply a
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significant change in the electric and heat generation and
distribution. On the other hand, the axial thermal expansion
may affect the shrinkage phenomena with direct conse-
quences on horizontal contact pairs.

The electric and thermal film resistances are expressed as:

R/t =1/(c:A) KiJt = 1/(kiA)) (12a,b)

where o; and k; are electrical and thermal conductivities,
respectively, and i is the ith contact pair.

Equations 6a, b are entered in the SPS model as inter-
face conditions. Despite literature works [8, 10], constant
electric and thermal film resistances [8] are assumed only
at the beginning of the iteration process (initial guesses).
Since our primary purpose is to reliably reproduce electric
and thermal effects during SPS a suitable temperature
function is assumed for all R;, other than the time function.

The relative kinematics of contact surfaces is controlled
by the moving mesh technique taking into account Eq. 7,
as described in detail in Sect. Moving boundary and
moving mesh model. The effect of increased pressure due
to thermal expansion on horizontal resistances (R, R3),
though incorporable in the actual shrinkage function 6(),
can be ignored in comparison to vertical contact resistances
(Ry, R,) since the latter depend on the much larger and
constant imposed pressure. Instead, the radial differential
thermal expansion at the punch/die interface will also
affect the vertical contact resistances as detailed in
Sect. SPS model reliability. Thus, only the temperature
dependence of R; parameters is needed to be estimated by
systematic modeling and experiments being any other
unknown factor automatically included as lumping factors
in the R; estimates (see Sect. First-stage calibration: esti-
mation of homogenous contact resistances for details).

Initial conditions

In SPS-CCm process, a constant current (i.e., either 1,900,
2,100, or 2,700 A) is initially imposed and held constant
until the on-line recorded punch displacement reaches
steady state. At the start of simulation, the temperature field
is set to room temperature everywhere. The initial porosity
of the powder is 28%. The moving (upper) punch/spacer
assembly is initially in the topmost position (Fig. 8a).

The solution strategy

The overall set of SPS governing equations along with
initial conditions and boundary constraints are solved using
a commercial finite-element package [17].

Maxwell’s equation (Eq. 1) and the energy balance
equation (Eq. 5) are simultaneously solved with inherent
coupling terms.

SPS-CCm experiments and simulations are carried out
using three imposed currents (i.e., 1,900, 2,100, and
2,700 A) at the constant pressure of 20 MPa. Currents and
pressure are selected among those insuring full density of
WC powder during actual experiments. Specifically, 2,100
and 2,700 A are used for model calibration and 1,900 A is
used for model validation.

Completion of SPS experiments is assumed to occur
when the recorded punch displacement reaches steady state
(Fig. 5).

In the model, the upper punch/powder interface (I'3) is
assumed to move according to a specified o(r) “true”
shrinkage, meaning that it is corrected for system thermal
dilatations. Because the moving boundary describes the
real punch relative sliding it will also describe the actual
transient changes of the system contact resistance with
related induced electric and thermal fields. The mesh in the
powder and punch regions is coarse initially. Typical mesh
configurations, e.g., at the initial and final stage of sinter-
ing, are reported elsewhere [16]. The mesh is denser along
the contact interfaces to assure higher accuracy in the
estimate of unknown parameters.

All materials properties are assumed as functions of
temperature and, in case of the powder region, also of
relative density (Eq. 7).

SPS model reliability

To be reliable, the developed SPS model has to be thor-
oughly tested against experiments. These are designed to
estimate unknown SPS parameters, such as contact resis-
tances and thermal expansion effects. According to the
calibration methodology, any effect or phenomena induced
by or caused during service or working operations, such as
wear, oxidation, or degradation between contact surfaces as
well as changes in the initial powder conditions, etc., not
specifically accounted in the SPS model, will be automat-
ically incorporated in the contact resistance estimates.
However, the estimation process may provide inconsistent
results if the contact surfaces experience excessive degra-
dation during the calibration and validation procedure. To
minimize this inconvenience, the overall number of sam-
ples to be processed should be not so high, though enough
to give reliable estimates. Here, 60 samples are selected as
a good compromise between accuracy and process
reproducibility.

After sintering the WC samples are inspected morpho-
logically by SEM and mechanically by Vickers indentation
test. More details on the final correlation between micro-
structure, hardness, and sintering temperature are given
elsewhere [16].
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Fig. 11 Flow diagram for SPS model calibration and validation

Figure 11 summarizes the flow of both the calibration
and validation procedures. The following sections illustrate
in detail these two procedures.

The calibration procedure

The overall calibration procedure is conveniently split into
two parts using 2,100 and 2,700 A. Each part includes two
stages. The first stage is addressed to evaluation of SPS
system features in the absence of powder. That is only
graphite samples are tested. Temperature and voltage drop
measurements are used to evaluate the contact resistance
versus temperature (e.g., R, R,) functions of homogeneous
(graphite/graphite) interfaces. The second stage is addres-
sed to evaluation of combined effects of graphite
equipment parts with WC powder sample. In the second
stage, temperature and voltage drop measurements are used
to estimate the two major heterogeneous (graphite/WC)
contact resistance (R4, R3) versus temperature functions,
while R, estimate is refined, taking into account the pres-
ence of WC powder. Since WC powder involves shrinkage
phenomena as well as differential thermal expansion, these
effects are then analyzed by combining both, first and
second stages of calibration. The effect due to the presence/
absence of an insulation carbon felt surrounding the die
surface is also taken into account in the first part calibra-
tion. The model accounts for the use of felt by reducing of
0.3 factor, the standard graphite relative emissivity (i.e.,
0.8). This factor is estimated by specific calibration tests,
by alternating experiments and simulations with and
without felt.

First-stage calibration: estimation of homogeneous contact
resistances

The graphite die is filled with a graphite disk (® 20 mm,
t 7 mm) to estimate R; and R, homogeneous contact
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resistances. Simulations are initialized with four constant
contact resistance guesses for both the electric (o) and
thermal (%) film conductances [8, 10]:

b, =125-10(Qm*) ", 6}, =7.5-10°Qm*)""
(13a,b)

= 1.32-10*(W/m*K)
(14a,b)

H _ 3 2 v
W, =22-103(W/m’K), &Y,

where H and V stand for horizontal and vertical interfaces,
respectively, and g/g denotes graphite/graphite interface. In
doing so, all horizontal (R, and R3 with K; and K3) and all
vertical (R, and R4 with K, and K}) film resistances take the
same initial value.

Through systematic coupling of experiments and simu-
lations, the contact resistance values are iteratively refined.
First, the electric film resistances are refined by fitting the
recorded and predicted voltages. Secondly, the thermal film
resistances are refined by fitting the recorded and predicted
temperatures at the outer die surface. In the calibration
process, each contact resistance versus temperature func-
tion is built point-wise. As these temperature functions are
refined, the SPS model becomes more reliable. The eight
best-fitting values of the homogeneous electric and thermal
contact resistances are finally computed for 2,100 and
2,700 A, with and without insulation felt.

Figures 12a—f compare voltage and temperature results
after the first-stage calibration for 2,100 and 2,700 A, with
and without the effect of insulation felt. Note that the SPS
cooling period, that is for times longer than the sintering
time, is not simulated.

Specifically, Fig. 12a, ¢ compare computed and mea-
sured voltage histories for two currents (2,100 and
2,700 A) without insulation felt. Figure 12b compares
computed and measured voltage histories for the same
current (2,100 A) with insulation felt. Analogously,
Fig. 12d—f show the corresponding computed and mea-
sured temperature histories under the same operating
conditions of Fig. 12a—c. The minimum detection limit of
570 °C for the employed pyrometer impedes to plot
experimental temperatures below this value. In Fig. 12d-f,
the predicted peak temperatures are 1,474, 1,645, and
1,505 °C, after 185, 132, and 102 s sintering times,
respectively. Thus, the higher is the imposed current, the
shorter is the sintering time. The SPS operation without the
insulation felt leads to a peak temperature of 171 °C lower,
or a heating time of 53 s longer, than those with felt, for
2,100 A.

The abrupt voltage drop observed at longer times in
Fig. 12a—c, identifies the shutdown of power supply.
Instead, the slight voltage drop observed in the first stage of
heating is attributed to the rapid increase of the contact
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Fig. 12 Predicted and measured time profiles of voltage (a, b, ¢) and
die surface temperature (d, e, f) in case of graphite compact for
2,100 A and (a, d) without felt; for 2,100 A with felt (b, e); for

resistance during the system start-up. The highly localized
heat at interfaces explains the rapid system heating in the
initial transient. The agreement between simulations and
experiments is satisfactory in all cases. A closer fitting
between simulations and experiments is often achieved
when the effect of unknown thermal contact resistances
(T.C.R.) is also taken into account in the iteration process.

First-stage of calibration: evaluation of expansion effects
in graphite

The differential thermal expansion along the radial direc-
tion exerts a strong influence on the vertical contact
resistances during sintering. The resulting increased con-
tact pressure causes the conductance at the punch/die
interface also to increase which, in turn, influences the
powder shrinkage phenomena through the change of elec-
tric field, heat generation, and temperature field. As a
result, thermal expansion phenomena significantly influ-
ence heating rates. In SPS-CCm process, on the other hand,
heating rate increases with increasing imposed current.
This relationship provides a useful means to evaluate
thermal expansion effects along the radial direction as
illustrated below.

A number of specific experiments are required to ana-
lyze the contact resistance change as a function of imposed
current. The results show that the contact resistance

2,700 A without felt (¢, f). T.C.R. denotes the effect of thermal
contact resistance in the best-fitting iteration procedure

increases with increase in temperature for low imposed
currents, whereas it does not change significantly for high
imposed currents (e.g., 2,700 A). Thermal expansion plays
a role also along the axial direction. Its evaluation is
important to estimate the true shrinkage J(¢) having the
recorded punch displacement Ag(f) data. The true
shrinkage can be defined as:

5(t) = Aexp(t) - 5T(t) (15)

where d,(¢) is the axial (differential) thermal expansion
term. The estimation of this term is not trivial and requires
a special purpose calibration procedure with both graphite
and WC powder samples.

The contribution of thermal expansion effect with
graphite sample is first discussed. For convenience, in
Fig. 13, this contribution is shown together with that
obtained using the WC powder sample. The latter is dis-
cussed in the second stage of calibration for consistency.
Figure 14 is also useful for reference, which shows the
measured thermal expansion of the system in function of
die surface temperature for 2,100 and 2,700 A with insu-
lation felt. These curves are used to comparatively assess
the thermal expansion effects, for the two imposed cur-
rents, as well as to evaluate heating rate effects on
sintering. However, to this purpose, further information are
required. These are collected from the second-stage cali-
bration, as illustrated in next section.
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(measured) for 2,100 A. These curves are utilized to estimate the true
shrinkage

Temperature (°C)

06 2 500 1000 1500 2000
T e

s - %
c -1

S

@ 42

©

g 14

2 o 2100 A Felt

s -1.6 +—

£ 0 2700 A Felt

5 -18

=

o2

Fig. 14 Measured thermal expansion versus die surface temperature
in case of graphite compact and insulation felt for 2,100 and 2,700 A

Second-stage calibration: estimate of true shrinkage

Figure 13 shows the measured displacement for 2,100 A,
using graphite sample (first-stage calibration) and WC
powder (second-stage calibration). This curve permits to
estimate the true shrinkage (¢) according to Eq. 15. The
estimated O(f) function is entered in the validated SPS
model to reliably reproduce the actual punch relative
sliding with inherent electric and temperature fields.

Second-stage calibration: estimate of heterogeneous
contact resistances

In this stage, a WC powder disk (® 20 mm, ¢ 7 mm) is
filled in the die. The two major heterogeneous (graphite/
WC) electric contact resistances (R3, R,) are first estimated
versus temperature. At the same time, the previously esti-
mated R; and R, are refined. The film resistances as
estimated in the first stage are entered in the model as
initial guesses.

The experimental/modeling tuning procedure follows
that of first stage. The heterogeneous thermal contact
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Fig. 15 Qualitative behavior of contact conductances versus tempera-
ture as estimated after first- and second-stage calibration

resistances are thus estimated and refined. The iteration
process progressively converges to an optimum solution
since the agreement between predictions and experiments
steadily improves.

A qualitative behavior of the estimated conductance
functions is shown in Fig. 15. Note that these estimates are
specific of the employed SPS hardware and operating
conditions. It is peculiar that the contact conductances o
and o5 (Eq. 12a, b) are found to increase with increasing
temperature, whereas ¢, and o4 are decreasing function.
The latter behavior is not obvious, since it comes from an
iterative  experimental/numerical refinement process
according to the proposed methodology.

The subsequent results are best appreciated compara-
tively against those obtained with graphite sample in the
first stage.

Figure 16 shows the measured total (i.e., bulk + con-
tact) electric resistance during heating for 2,100 and
2,700 A, respectively. It shows that regardless the kind of
sample used, the lower imposed current the higher the total
resistance. The total resistance is generally very high at the
early transient. It rapidly attains a maximum peak, then it
decreases until a quasi-steady state value is achieved. Such
resistance peak is more pronounced in WC powder at low
imposed currents. The maximum resistance peak can be
attributed to the initially dominant vertical (R,, R4) contact
resistance and their subsequent sudden decrease due to
punch sliding (i.e., powder shrinkage).

The sliding punch exhibits highest resistivity initially.
While moving, however, it reduces its contact resistance
(R,) as its contact area (with the die) increases. Subse-
quently, the punch (and compact) bulk resistance start to
decrease during sintering. This reasoning is supported by
measurements of temperature (Fig. 17) and voltage drop
(Fig. 18) profiles, which show the measured temperature
and voltage, respectively, for 2,100 A using either graphite
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Fig. 18 Measured voltage versus time for 2,100 A in case of either
graphite compact or WC powder, with insulation felt

or WC powder as a sample. Remind that in graphite sample
no densification exists, thereby only thermal expansion is
involved. The total electric resistance is generally higher

with graphite sample in the absence of punch sliding. The
temperature peak of graphite is higher than that of WC
powder since a motionless punch involves a higher resis-
tance or a more severe heat generation compared to
shrinking WC powder. The total electric resistance
decreases with increasing imposed current probably
because of the direct influence of currents on the contact
resistances and/or because of the involved different tem-
perature field which, in turn, affects the system heating.
The large difference in the two temperature profiles
(Fig. 17) can be indeed, a reason for the different behavior
of graphite and WC powder samples. Figures 17, 18 con-
firm that graphite sample is heated faster than WC powder
and that the initial steeper voltage drop in the latter results
from its densification.

The validation procedure

The validation procedure serves two basic objectives: (a)
assess the reliability and the prediction capability of the
calibrated SPS model (b) prove the reliability of the overall
methodology.

The first objective is achieved by applying the SPS
model to simulate a SPS process with WC powder sample
under new operating conditions other than those used for
calibration. No parameter adjustment is allowed in this
stage. The resulting simulations and experimental results
are checked to be within a desired tolerance. To this pur-
pose, a 1,900 A imposed current is selected.

The results are shown collectively in Figs. 19, 20 for
2,100 and 2,700 A (calibration) and 1,900 A (validation)
conditions. These figures compare predicted and experi-
mental voltages and temperatures, respectively. As can be
seen, the agreement is very good including the case of
lower imposed current of 1,900 A.
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Fig. 19 Measured and predicted voltage versus time for 1,900, 2,100,
and 2,700 A
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Fig. 20 Measured and predicted temperature versus time for 1,900,
2,100, and 2,700 A

Accordingly, the designed methodology is considered to
be successfully tested thereby, the constructed SPS model
can be reliably used to either aid optimum experiments
design, explore in detail the SPS contact/bulk multiphysics
or to predict powder microstructure on sintering. The
possibility to correlate WC microstructure with process
parameters is illustrated in detail elsewhere [16].

Understanding of SPS multiphysics

In this section, the validated SPS model is applied to elu-
cidate SPS electrothermal-shrinkage phenomena in case of
UF binderless WC powder sample.

Fig. 21 Isothermal maps in °C (a)
for 2,100 A aftera40sand b
153 s

o

0.04
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The results above show that, although the WC powder
volume is relatively small (2.8%) compared to that of the
punch/die assembly, its bulk changes may induce dramatic
changes in the overall current distribution with direct
consequences on heat generation and temperature distri-
bution. On the other hand, graphite elements mainly
control the heating of the sample through their contact
interfaces.

Figures 21a, b show the isothermal maps in the overall
system after 40 and 153 s for 2,100 A. Such figures clearly
confirm that in SPS-CCm process the punch/spacer inter-
faces experience the highest temperature peak in the
system initially due to macro—constriction phenomena. The
upper and lower spacers work as formidable heat sinks
with respect to the hot punch. A large amount of heat is
conducted from both interfaces towards both graphite
spacers, thus, shifting the temperature peak to punch core.
At the early transient, only a small amount of heat is
conducted to the powder, whereas an even smaller amount
is conducted to the die. At later time, the system heating is
controlled by the minimum resistance among the powder,
R, and R, contact resistances. Due to the initial dominance
of R,, most of the punches’ heat flows to the powder
system.

With the progress of heating, the thermal expansion
effects become significant. R, contact resistance is large at
the beginning and decreases (Fig. 15) with increasing time
because of: (a) increased radial contact pressure induced by
differential thermal expansion and (b) incipient powder
densification. The peak temperatures decrease further
during heating at all interfaces. As graphite parts become
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Fig. 22 Temperature versus radius (at powder mid-thickness plane)
for 2,100 A and different heating times. S/D = sample/die interface

hotter, thermal radiation losses increase. The irradiated
heat from punch outer surface is relatively small at the
beginning, due to its small lateral surface, whereas that
from the spacers’ outer surface is much larger. Radiation
losses from die outer surface are fair at the beginning but
become increasingly larger with the progress of heating. At
the end of sintering, the die is the major dissipation source
of radiation of the SPS system. As a result, significant
thermal gradients may develop along the die/sample
assembly radius thereby, undesired microstructure and
properties gradients may originate across the sample [16].

Figure 22 depicts the temperature distribution along the
radius taking into account the die surface losses. It is well
known that radiation losses are important at high temper-
atures. They, however, are not the only cause of thermal
gradient development. For instance, radial thermal gradi-
ents may also develop when high heating rates are
promoted in the SPS system (e.g., by high current input). In
the latter case, electrothermal phenomena would be
strongly controlled by contact resistances. The temperature
profiles of Fig. 22 exhibit temperature jumps at the sample/
die interface (S/D in figure), although their amplitude is
lower than that at the punch/die interface at any time. The
latter may range from about 40 °C, after 40 s, to about
100 °C, at the end of heating (i.e., 156 s) for 2,100 A (see
also Fig. 21a, b). From Fig. 22, the heating rate at any
point along the radius can be readily estimated.

Figure 23 shows the total current isopleths together with
thermal fluxes (arrows) for 2,100 A after 156 s. At the end
of sintering, the total currents mainly flow from the pun-
ches to the larger graphite spacers across the punch/spacer
interfaces. This also applies for the thermal fluxes. The heat
fluxes are largest at the punch/spacer interfaces due to the
small contact surface areas [8]. A relatively larger heat flux
is also observed at the punch/powder interface, thus, pro-
moting heat flow towards the die. At this time, the powder
is remarkably cooled down by conduction by the die.
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Fig. 23 Current density isopleth map (A/m?) and heat flux (arrows)
in W/m? for 2,100 A, after 156 s
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Fig. 24 Temperature versus z axial distance (r = 0) for 2,100 A for
different sintering times. Symbols: P/S = punch/spacer interface;
subscripts: U = upper; L = lower; P = punch; P/W = punch/WC
interface. The (r,z) origin corresponds to intersection of symmetry
axes with the horizontal axis located at the sample mid-thickness

It can be instructive to inspect the thermal gradients
behavior along the axial direction. Figure 24 shows the
temperature profiles for 2,100 A at various heating times.
The negative z-axis (left) corresponds to the upper (mov-
ing) parts of the SPS system; vice versa the positive z-axis
(right) corresponds to the lower (fixed) parts. This figure
clearly shows the effect of the moving mesh on punch and
spacer energetics, together with that on the sample along its
thickness. The differences between the moving (left) and
the fixed (right) parts are readily apparent. The moving
mesh progressively modifies the SPS apparatus geometry
symmetry. The punch sliding and the inherent contact
resistance change cause a distortion of temperature profiles.
These effects are not accounted in previous SPS models or
calibration studies [2—15]. The upper temperature profiles
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are non-symmetric due to the upper punch movement. This
implies a loss of geometry symmetry. Note, however, that
as the P load is only applied to the upper part of the SPS
system, there is no loading symmetry in the modeled SPS
system. As a result, the computed fields are different in the
upper and lower parts. The moving part accounts for higher
temperatures compared to the fixed part. As the tempera-
ture at the punch/spacer interface is highest at the
beginning, the punches core becomes relatively hotter.
Only at the end of the cycle (156 s), the powder is heated
up severely reaching the highest temperature in the system
(above 1,900 °C).

The non-perfect contact between the inner die wall and
the punch makes there the contact resistance very high
especially at the beginning of sintering. The punch sliding
contributes to conduct heat toward the die and the powder.
By increasing the heating rate (or current input) the heating
is more localized around the punch/spacer contact region.
As the punch starts to slide, more heat is conducted into the
die and the sample. However, the temperature may remain
the maximum at the contact interfaces (not shown).

Note that, such non-symmetric heating would not hap-
pen if both the lower and the upper SPS parts were moving
simultaneously or were fixed. Besides, the most important
contribution accounted by the SPS model with punch
sliding is the heating transient, which may be rather dif-
ferent compared to that described by motionless-punch SPS
models. This proves why reliable SPS models have to take
into account the sliding of punch to reliably predict the
overall SPS energetics along with shrinkage conditions.

Finally, a detailed understanding of SPS shrinkage
phenomena requires an accurate knowledge of field con-
ditions in the sample. The electric field is the primary cause
of heat generation and distribution in both the equipment
and the powder. A priori it is not possible to explain the
densification behavior of WC powder just by observing the
die temperature. A proof of this is given by Fig. 25, which
shows the predicted and measured displacement as a
function of temperature for 2,100 and 2,700 A, respec-
tively. Both the red (+) and black (solid) lines refer to

+ 2100 A: Predicted
A 2100 A: Measured

—2700A: Predicted
O 2700 A: Measured

Shrinkage (mm)
N

0 500 1000 1500 2000 2500

Temperature (°C)

Fig. 25 Measured punch displacement and predicted shrinkage
versus die surface temperature for 2,100 and 2,700 A in WC powder
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predicted displacement inside the powder (i.e., shrinkage)
as a function of predicted temperatures, whereas both, the
blue (A) and cyan ([J) lines, refer to measured punch dis-
placement as a function of measured die surface
temperature. The predicted shrinkage curves, for 2,100 and
2,700 A, respectively, take into account the differential
thermal expansion effect of the system parts.

The approximate overlapping of the simulated WC
shrinkage curves, for 2,100 and 2,700 A, shows that the
temperature dependence of shrinkage phenomena is the
same for the two imposed currents, under the same powder
and operating conditions. On the other hand, the experi-
mental curves for both same imposed currents show a
deviation between each other and a large deviation between
them and the predicted curves. This explains as in general
the die surface temperature measurements cannot help
neither in monitoring the SPS shrinkage behavior nor in
establishing a reliable correlation between microstructure
and measured die surface temperature. Actually, the latter
may lead to controversial results.

Recently published results [16] show that densification
behavior, microstructure, and hardness can be reliably
correlated with sintering temperature in WC powder with
the aid of a thoroughly tested SPS model. Combined
experiments and simulations by means of the proposed
methodology show that sample microstructure and hard-
ness are strongly functions of temperature field and heating
rate.

Indeed, heating rate is another important factor, which
may significantly influence the sample sintering behavior,
although it may induce both non-uniform heating in the
system parts and microstructure gradients [16]. In SPS-
CCm process, heating rate increases with increasing
imposed current. High currents, however, makes the SPS
process difficult to control since heating rates may hold
very high even in the last stage of sintering.

Figure 26 explores in detail the effect of heating rate
along with the temperature difference between the powder
core (predicted) and die surface (measured) for the three
imposed currents (i.e., 1,900, 2,100, and 2,700 A). This
figure confirms that at early times the temperature peaks in
the system arise from contact interfaces. At the beginning,
the electric contact resistance at the powder interface is
higher, consequently the powder temperature increases
more rapidly. As the contact resistances decrease also the
powder temperature decreases and so it does the tempera-
ture difference between the powder and the die. Such a
situation is displayed by the 1,900 A curve at about 50 s.
At low and moderate temperatures, the overall temperature
difference (between the sample core and the die surface)
increases with increasing heating rate or current input. Vice
versa, it decreases as heating rate decreases (or time
increases) at higher temperatures even if thermal radiation
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Fig. 26 Temperature difference between the WC core (predicted)
and die surface (measured) along with predicted heating rate versus
time for 1,900, 2,100, and 2,700 A

losses are significant. As a matter of fact, as heating rate
decreases the temperature field exhibits smaller thermal
gradients in the system. Consequently, the temperature
difference tends to be constant or to decrease. By com-
paring the temperature difference behavior for the three
imposed currents, we observe that the curve for the
2,700 A starts to increase earlier than those at 1,900 and
2,100 A because the punch is heated while moving,
whereas the experimental temperature is measured on a
fixed part.

From all considerations above, we are now in the con-
dition to provide a more definite picture on the role of
contact resistances in SPS.

The validation and calibration tests confirm the domi-
nant role of vertical contact resistances in the control of
heat generation and distribution in comparison to hori-
zontal ones. Figures 19, 20 show an excellent fitting
between experimental and numerical results in terms of
voltage and temperature. In the calibration stages, special
attention is paid to the tuning of R;, R,, R4, since they
significantly affect the fitting between experimental and
numerical results. Even a small change of one of these
contact resistances is able to dramatically change the cur-
rent and temperature fields in the SPS system. Other
contact resistances comparatively play a minor role but
their tuning improves the reliability of the overall SPS
model. R; is satisfactorily modeled by contact Joule’s
effect (i.e., thermoelectric coupling). R, and R, are effec-
tively modeled by the moving boundary and the moving
mesh kinematics. The decrease of R, while temperature
increases (Fig. 15) is explained by two factors, namely the
radial differential thermal expansion and powder shrink-
age. The former factor is important when thermal gradients
are relatively large. In SPS-CCm process, one typical

origin for such occurrence is the large current input. In the
present case, the contact resistance may even hold constant
at any local temperature for 2,700 A. On the other hand, it
decreases with increasing temperature for 2,100 A. In
addition, the vertical contact resistivity are found to be
independent of the displacement field, since the calibration
procedure can be successfully performed by ignoring the
densification behavior.

Finally, densification increases with increasing contact
pressure, since it makes the contact surfaces tighter thereby
more conductive.

The powder shrinkage resistance factor is actually a
competing factor. The contact area at the powder/die
interface decreases with the progress of shrinkage, thereby
increasing R4. On the other hand, the bulk powder resis-
tance decreases due to an improved contact among powder
particles. The latter contribution becomes more important
after the early stage of sintering.

The nature and behavior of horizontal contact resis-
tances is completely different from that of vertical contact
resistances. They are usually subjected to the applied
(constant) operating pressure. The latter is usually selected
such that it just assures a good contact along horizontal
interfaces during the whole sintering process. Thus, their
contribution is minimal during SPS.

A final consideration concerns the values themselves of
the estimated contact resistances in comparison to other
works’ findings. The final thermal and electric contact
resistances estimated here are of the same order of mag-
nitude of those predicted in [8, 10]. However, the
temperature dependence of contact resistances found here
differs from that of [8, 10], since the present calibration and
validation procedures: (a) apply also to powders rather than
only compact samples; (b) take into account the punch
sliding effect. Nevertheless, the dependence of horizontal
contact conductances on temperature found here is coher-
ent with the model adopted in reference [8].

Conclusions

A numerical/experimental methodology is developed to
build and thoroughly test a self-consistent SPS model.
Experiments and simulations are carried out in current
control mode (SPS-CCm). The SPS-CCm process offers an
effective opportunity to directly compare SPS model out-
puts, such as current, temperature, and shrinkage with
corresponding SPS recorded data. In addition, it allows
exploring more systematically the effect of heating rates on
sintering. The designed calibration/validation methodology
coupled with the moving boundary/moving mesh-based
SPS model allow for accurately accounting the overall SPS
system energetics during sintering of UF binderless WC
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powder. This permits to make quantitative predictions or to
design optimum experiments. Calibration and simulation
tests show that the SPS process is particularly sensitive to
R1, R,, R, contact resistances. Therefore, the reliability or
the prediction capability of a SPS model strongly depends
on their estimate accuracy. The results obtained can be
used as a reference to benchmark different SPS systems or
conditions, especially from the viewpoint of their contact
resistances. A separated work demonstrates that a corre-
lation between the final microstructure, the sintering
temperature, the SPS parameters and the mechanical
properties can be also established using the developed
methodology. Although it has been tested on a simple
geometry (i.e., disk) using conductive samples it may also
apply to more complex geometries and insulating samples.
Thus, the developed SPS model can be used as an aiding
tool to either understand the bulk/contact multiphysics of
SPS or to speed up set up time of the process as well as to
design SPS experiments, which are of paramount impor-
tance for understanding SPS micro/macro phenomena.
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