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Abstract A mechanical constitutive model of powder
material is introduced to a fully coupled thermal—electric—
mechanical finite element model to simulate the one-step-
forming spark plasma sintering (SPS) process of metal
powders. The effects of displacement field and local den-
sity distribution on sintering are considered in this article,
which are generally neglected in the existing SPS models.
The mechanical, thermal, and electrical parameters of
powders are assumed as functions of local relative density
and temperature. The simulated varying displacement field
remodels the distributions of temperature and electric
potential by changing the contact thermoelectric resis-
tances. For the 20, 40, and 60 MPa external pressures, the
simulation indicates that the sintering temperature and the
temperature gradient within powders are decreased by
enhancing the external pressure, and the comprehensive
effect of stress promotes the densification of the colder
regions. Thus, the interrelationship between the tempera-
ture gradient and the intrinsic stress distribution plays an
important role in the densification mechanism of SPS
powders.

Introduction

Spark plasma sintering (SPS) is known as a single step
processing technique, which combines the electric field
sintering technique and the uniaxial pressing forming
technique. Some important technological benefits of SPS,
such as higher heating rates, fewer processing steps,
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elimination of the need for sintering aids, and near net
shape capacity, facilitate controlling the grain growth and
improving the mechanical, chemical, and physical prop-
erties of powder materials [1, 2]. These advantages over
other conventional methods of powder consolidation give
rise to the worldwide popularity of SPS. However, the
sintering mechanism of SPS is still unclear because of
some unexplainable microscopic and macroscopic phe-
nomena in the coupled multi-physical fields, as well as the
difficulty in measuring the interior temperature of samples
[3, 4].

Finite element method (FEM) is an effective analysis
approach which is commonly applied in the mechanism
researches of SPS. FEM material models and thermoelec-
tric boundaries are established to simulate the coupled
effects of the interior temperature field, electrical field, and
outside pressure. Some SPS macroscopic models [5-8]
which address the thermal—electrical coupling, can describe
the complex features of temperature field and electric field
precisely and explain the material heterogeneity produced
in the SPS process to a certain extent. Wang et al. [9] firstly
presented a coupled thermal-electrical-mechanical FEM
model to focus on the influences of various material
properties and control parameters on temperature and stress
distributions. Nevertheless, like many others, this model
was limited to the fully dense solid compacts and the
simulative results of stress gradients were obtained from
the linear elastic continuum material model without con-
sidering the densification process, which is not entirely
consistent with most of the one-step-forming SPS
processes.

So far, for the powder material, there are few SPS FEM
analyses considering the evolution of the local density
distribution and its effect on material properties. McWil-
liams and Zavaliangos [10] applied a creep constitutive
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equation to simulate the sintering of a conductive rectan-
gular compact with an initial density variation. This study
utilized two finite element modules including a thermal—
electrical simulation part and a thermal-displacement
simulation part, and some interesting results were pre-
sented. But it was not for the usual SPS processes. More-
over, only the thermal and electrical conductivities were
discussed as the density-dependent material properties, and
the stress distribution was neglected.

The purpose of this study is to present a novel FEM
model which is suitable for the one-step-forming SPS
process. This model can predict the influence of the den-
sification process on contact thermoelectric conduction and
the interactions among the local density distribution, stress
distribution and temperature gradient. It is useful for
understanding the SPS mechanism of the materials sensi-
tive to the variation of pressure and local temperature. This
study is based on a precondition that powders are not
precompressed into a nearly dense compact and there is a
relatively low initial density before sintering. A Kinetics
constitutive model of powders is integrated into a fully
coupled thermal—electrical-mechanical simulation proce-
dure. The effects of the local densification behavior on
material properties and contact thermoelectric resistances
are taken into account for different pressures. The FEM
calculations are derived from the user-subroutines of Marc
and the simulations are compared with experiments.

Experimental procedure

In order to validate the simulation, all experiments were
conducted in vacuum using a commercial SPS sintering
device (SPS-825, Japan). The 20 g iron powder particles
with a mean particle size of 5 pm were filled in a silicon—
nitride die without any lubricants and additives. All sam-
ples had been pressed gently to the same initial relative
density of 55.8% before the current was applied. The
dimensions and positions of the SPS setup are shown in
Fig. 1. A thermocouple was placed in a hole drilled in the
silicon—nitride die (i.e., the position A marked in Fig. 1) for
the temperature measurement. The sintering process was in
a temperature control mode, and the heating rate was
maintained at 50 °C/min by means of controlling the
closed current loop feedback until the measured tempera-
ture reached 700 °C. Simultaneously, three different
external unidirectional loads were applied to the top
graphite spacer in the electrifying process, which were,
respectively, equivalent to 20, 40, and 60 MPa nominal
pressures on the sample and were removed rapidly at the
moment of the power shutdown. The on-line data of dis-
placement, voltage, current, and temperature were recorded
as history profiles.
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Fig. 1 Dimensions and positions of the punch/die/sample setup.
Point A (x = 12.5 mm, z =4.5 mm) and point B (x = 28 mm,
z = 4.5 mm) present the position where the thermocouple is placed

It is necessary to mention that the choice of the silicon—
nitride die rather than the general graphite die is made for the
purpose of an intentional big temperature gradient in the
specimen, which helps to exhibit the effects of the densifica-
tion process and stress on temperature field more intuitively
and illustrate the necessity of this new model more effectively.

FEM theoretical model
Scheme of SPS multi-field coupling modeling

For the SPS process of powder material, the generation of
Joule heat inside the specimen is always accompanied by a
remarkable densification course. It is unadvisable to con-
sider these two closely interrelated physical phenomena
separately for an accurate FEM analysis, because in addi-
tion to the influences of temperature gradient on material
properties and structural deformation, the structural
deformation also reveals a back action on distributions of
temperature field and electrical field through changing the
boundaries of heat- and electrical-fluxes. And the heat
transfer, mainly in the form of heat conduction, is sus-
ceptible to the local relative density. Besides, the outer
pressure as one of the densification driving forces has been
demonstrated to be much more significant than expected
[11]. So it is essential to build connection between ther-
modynamics and the thermal—electrical coupling theory.
With the commercial FEM package Marc, the Joule
heating and thermal viscoplastic behaviors of powders are
simulated in a multi-field coupling scheme which consists
of a thermal-electrical coupling solution modulus and a
thermal-mechanical coupling user-subroutines solution
modulus. The updated-Lagrange framework is adopted to
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solve the coupled governing equations. Temperature 7 and
local relative density p, are designated as two state vari-
ables in user subroutines. When the increment step ¢ = n,
the temperature increment AT" is calculated upon the
convergence tolerance of temperature in the thermal-
electrical coupling solution modulus, and then it is invoked
in the thermal-mechanical coupling solution modulus
where AT", T"~" and p/'~! are used to calculate p! upon the
convergence tolerance of residual stress or displacement.
The state variables are updated at the end of the increment
step t = n, and extracted at the beginning of the next
increment step t = n + 1. So they are the repeated trans-
mission mediums between the alternant iterative processes
of energy conservation equations and mechanical equilib-
rium equations in every increment step.

Coupled thermal—electrical model

The partial differential equations for the distributions of
electric potential and temperature are based on Ohm’s and
Fourier’s laws, which are given as Eqs. 1 and 2, respec-
tively [2]:

V-J=V-[R(T,p,)E| =V - [-R(T,p,)VU =0 (1)

where J and E present the electric current intensity and the
electric field intensity, respectively, R is the electric
conductivity which is the function of temperature 7 and
relative density p,, and U is the electric potential.

or . ) . .
pcp(Tv pr)a -V [K(T7 pr)VT] = ge + gr + geonv T 4c
(2)

In Eq. 2, p is the density, ¢, the heat capacity, K the
thermal conductivity, ¢ the time. ¢, represents the generated
Joule heat per unit volume according to Joule’s law. ¢, and
dconv are surface heat fluxes by radiation and convection,
respectively. Because the experiments are conducted in
vacuum, the heat loss by convection through the air is
ignored. g, represents the thermoelectric effects at contact
interfaces owing to the imperfect contact situations, and
consists of two parts: g, the heat transfer through the
contact interfaces and g,. the Joule heating of the contact
electric resistances, which can be written as follows:

40 = th + qec (3)
. . 2
Gie = hej(T1j — T2j), Gee = tej(Urj — Usj) 4)

where h,; and o, ; are heat transfer coefficient and electric
conductance of the contact gap, respectively. The subscript
Jj denotes the jth contact pair, and the 1 and 2 represent two
contact bodies in per contact pair.

The material properties of powders should take into
account the continuous variation of local relative density in

this SPS model. The temperature dependence [2, 12, 13]
and the density dependence [10] of material properties
have been discussed in other literatures. In fact, without a
precompression before the SPS process, the powder spec-
imen will transform from the nearly insulating loose mass
to the conductive dense one after sintering. Meanwhile, the
dramatical variation of temperature could affect the heat
and electrical conducting properties significantly. There-
fore, the effective thermal conductivity K [14] and elec-
trical conductivity R [15] are assumed as the bivariate
functions of temperature and the relative density:

K = K,(T)(1.5p, - 0.5) (5)

(6)

where, K(T) and R(T) are the thermal and electrical
conductivity of the corresponding fully dense material at
the temperature 7T, respectively. p,, is designated as the
minimum relative density of the system, which can be
equivalent to the initial relative density of powders (i.e.,
0.558). In particular, Eq. 6 is applicable to the powder-
sintered compacts. The main thermoelectric and mechani-
cal material parameters used in the numerical modeling are
listed in Appendix.

0.8
R = R(m)p!""™)

Mechanical constitutive model

Considering the influence of porosity and hydrostatic
pressure of porous materials, one general form of the yield
criterion is given as follows:

f=A-Jy+B-J} —na=0 (7)
with

, 1
Ji :[V(G), J2:§s[jsij

where J} is the second invariant of deviatoric stress tensor
and J; is the first invariant of stress tensor. s;; is the deviator
of the stress tensor and #7(.) represents the trace operator.
gs is the temperature-dependent yield stress of the dense
reference material. The parameter #u represents the
contribution of geometric hardening as a function of
relative density p,. A and B are the parameters of the yield
criterion, which are functions of Poisson’s ratio v [16]

A=2(14v),B=(1-2v)/3 (8)

For the uniaxial stress state, J; = o1, and J» = 67,/3, i.e.,
A and B should satisfy the following relationship:

A/3+B=1 9)
The factor 7 is introduced via the flow stress to characterize

geometrical and strain hardening, which is assumed that
[17]
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n=(p] —p)/(1=pl) (10)

where p_ is an experimental parameter close to the initial
relative density, and represents the critical relative density
in the state without flow stress for porous material.

The stress increment should follows Hooke’s law and
can be written as:

do; = Dfy (des — deyg — dejy) (11)

where D;}kl is the elastic constitutive tensor, deggthe total
mechanical strain increment, dst the viscoplastic strain
increment, and de!} the thermal strain increment.

In this simulation, the elastic modulus E and Poisson’s
ratio v are dependent on temperature and relative density in
Eq. 12 [18, 19].

E = E(T)p;}?, v=0.5p; (12)

where, E,(T) is the elastic modulus of solid material.

The viscoplastic strain increment is calculated on the
basis of the viscoplastic theory proposed by Kim and Lee
[20]. Assuming that the viscoplastic strain rate éivjp and
viscoplastic potential ¢ correspond with the normality rule,
the viscoplastic strain rate can be obtained by the flow rule
as

go_ 00 _ 0 Qoq _ 09 1 {ASUJFB%%} (13)

i 00 N 00¢q O B 00cq0cq |2
with
Sij:a.lé/a()','j, 5,’1‘:6]]/60’,:,' (14)

where, s;; is the deviatoric stress, J;; is the Kronecker delta
and o is the effective stress. The relationship between the
viscoplastic potential and equivalent stress is expressed in
Eq. 15.

0

00¢q

= pré;}g (15)

where &0 is the effective viscoplastic strain rate. Substitute

Egs. 15 and 13 can be rewritten as follows:
wp _ Préeg [A

ij ESU‘ + Bo-kkéz‘j:| (16)

Oeq

An approximation of Garofalo’s hyperbolic sine function
of the effective stress and temperature is selected to
describe the creep law of the dense material [21], which is
given by

. W n 0
v _ _2
bq = [sinh (uoeq)] exp< ﬂT> (17)
where, w is a pre-exponential temperature factor and Q is
the activation energy for the creep deformation process.
The parameter n denotes the strain rate sensitivity. p is a
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temperature-independent parameter which prescribes the
stress level where the power-law breaks down. f is the
universal gas constant.

By combining Eqs. 12, 16 with 17, an modified form of
the viscoplastic strain rate for powder material is assumed
that:

Y WP . n Q
&f :ﬁ[smh(uaeq)] exp (_ﬁ>

(18)
2+ 2 1— 2
X |: prS[j-l- prO'kk5;j

2 3

In this case, an instantaneous thermal expansion coefficient
o(T) is proposed to define the thermal strain increment with
respect to a reference temperature 7™, which can be
written as Eq. 19.

do(T)
dTr

deh = {a(T) + (T - Tfef)} dr (19)
The evolution of the powder density should follow the
mass conservation equation, whereupon it can be written
as:

Pr = Po exp(—Sip) =po exp(—s;péy) (20)

where &P is the cumulative volumetric viscoplastic strain
and pg is the relative density before deformation.

FEM simulation results
Model simplification and boundary treatment

This SPS FEM model is treated as an axisymmetric model
using the commercial package MSC. Marc. The user sub-
routines are integrated with the implicit code to simulate
the SPS process of metal powders and the corresponding
experimental data are presented to verify the simulation.

In the simulation, the initial temperature of the whole
SPS apparatus is set to be 25 °C. Two end surfaces of
copper electrodes, which are connected with the water-
cooling system, are kept constant at 25 °C. The emissivi-
ties of the graphite components and silicon—nitride die are
assumed to be 0.8. And the position B shown in Fig. 1 is
fixed vertically to guarantee the stabilization of the ther-
mocouple. The friction coefficient is set to 0.1 at the con-
tact interfaces.

To simplify the SPS model and avoid additional calcu-
lative errors, the mechanical strain is neglected for spacers
and electrodes which are modeled with Joule-rigid ele-
ments, but not for the sample/punch/die assembly which is
modeled with Joule-deformable elements. And the pressure
is applied to the top surface of the upper punch as a load
boundary. So the axial displacements of the upper spacers
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and electrode are maintained consistent with the top sur-
face of the upper punch to keep a durative contact. In
reality, the mechanical strains (including the thermal
strains) of spacers and electrodes are much smaller than
that of the sample/punch/die assembly where the temper-
ature and stress are dominant. The schematic boundary
conditions and the corresponding simplification are depic-
ted in Fig. 2.

Evolution of electrical potential and temperature
distribution

In order to realize the desired heating rate, the imposed
voltage drop is taken as a known input variable in the
simulation, which is obtained from the on-line recorded
profiles.

The measured current and temperature are compared
with the simulations in Fig. 3 for different pressures. The
simulated current profiles agree well with the experimental
results in the middle and late periods, although in the early
stage, there are some relatively large departures from the
measured profiles. It is mainly because of the complex
nonlinear relationship between density and thermoelectric
properties of powders in the initial loose state. Surpris-
ingly, the simulated temperature evolutions are nearly
consistent with the experimental results for three external
pressures. Because a good precision of the thermal—elec-
trical coupling solution is the prerequisite of guaranteeing
the precision of the thermal-mechanical coupling solution,

Fig. 2 Schematic boundary
conditions and corresponding
simplification illustration for
simulation
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the simulative results of temperature and electrical poten-
tial further insure the reliability of this multi-field coupling
methodology.

Figure 4 shows the contour plots of temperature distri-
bution within the densification process after 10s, 400s, and
850s for the 60 MPa pressure. It is clearly indicated that at
the initial stage of sintering, the temperature at both ends of
punches takes the lead to reach the maximum, which is
owing to the higher horizontal contact resistances at their
smaller contact interfaces with the compact and spacers. At
the same time, the majority of the heat generated on these
interfaces starts to diffuse axially, and a small amount
to the die. Because of the insulating property of the
silicon—nitride die, current only flows through the graphite
components and powder specimen. Thus, an incipient
temperature gradient comes into being.

With the progress of the heating process, the leading
role of contact resistances is weakened gradually. The
temperature of the specimen increases prominently, and
this is due to the cooperation of its own Joule heating
generation and the heat conduction from punches. Simul-
taneously, the spacers and the die absorb a large amount of
heat from the hot punches. Thus, the position of the peak
temperature is moving toward the interior of powders. At
higher temperatures, the heat loss via radiation cannot be
neglected anymore, which aggravates the temperature dif-
ferences in the SPS system during the sintering.

Figure 5 exhibits the temperature gradients along the
radius direction in the mid-thickness plane of the specimen

Constant 25°C | Voltage
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Fig. 3 Time profiles of electric current and the measured temperature
from experiments and simulations under different external pressures
for a 20 MPa, b 40 MPa, and ¢ 60 MPa

when the measured temperature reaches 680 °C. The
temperature distributions always present a degressive trend
along the radius from the center. For the sample/die setup,
the silicon—nitride die is responsible for almost all the heat
consumption, which makes it a heat sink or a cooler of the
sample. The temperature gradient in the sample is always
regarded as the prime culprit for the inhomogeneity of
material properties and microstructure. In Fig. 5, the
maximum temperature difference is decreased from
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~40 °C for 20 MPa to ~30 °C for 60 MPa. And because
the heat conduction from graphite components is promoted
by the increased whole current under the larger pressure,
the maximum sintering temperature also declines by
~ 15 °C. However, the temperature distribution in the die
is nearly unchanged for different pressures.

For the decreased temperature gradient under the larger
pressure, the deciding factor is the vertical sample/die
contact thermal resistance which effectively restrains the
temperature gradient along the radius direction especially
for 60 MPa, apart from the improved thermal conductivity
and electrical conductivity. So the variation laws of contact
thermal and electric resistances in the displacement field
should get enough emphases.

Influence of displacement field on contact resistances

Many studies neglect the influence of the displacement
field to simplify the FEM analysis of SPS. That is to say,
besides the influence on material thermal—electrical prop-
erties, the influence of powder shrinkage on contact ther-
moelectric effects is unlikely to be considered. Actually,
the contact boundaries are changing significantly in the
displacement field, which could affect the Joule heat gen-
eration at interfaces as well as the heat fluxes through the
contact boundaries. The former is resulted from the contact
electric resistance, and the latter is controlled by the con-
tact thermal resistance. Therefore, the evolutions of tem-
perature field and electric field are inevitably associated
with the displacement field.

Figure 6 reveals the influence of the shrinkage phe-
nomenon on contact boundaries. For convenience of the
statement, only the shrinkage d of powders is mentioned
here since it plays a decisive role in the displacement field,
although the mechanical strain of the die and punches are
also considered in the actual model.

For the exposed surface of the upper punch, heat is
transferred only in the form of radiation which is directly
proportional to the gradually vanishing surface area during
the sintering. The relationship between the shrinkage and
the heat radiation of the upper punch can be expressed as:

0r = A &(Ty — T) (L — d) /1 (21)

where Q is the heat transfer by radiation, e, the emissivity,
A, the exposed area of the upper punch before compaction,
¢ the Stefan-Boltzmann constant, /; the initial height of the
corresponding part, Ty, the temperature of the exposed area,
Ts the temperature of the chamber walls.

The theory of the contact resistances is introduced to
this model. The localized contact thermal resistance A' and
contact electrical resistance A° in the displacement field can
be obtained from Egs. 22 and 23 [22]:



J Mater Sci (2011) 46:5645-5656

5651

Fig. 4 Temperature contour
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where A; and A/ are areas of the jth contact interface before
and after compaction, and /; is the height of the corre-
sponding contact interface before compaction. The

-
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3.493e+02
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subscript 2 (j = 2) represents the interface between the
upper punch and the silicon—nitride die, and the subscript 3
(j = 3) represents the interface between the specimen and
the die. Although A3 and /5 are assumed as the infinite
owing to the insulation of the silicon—nitride die, the for-
mulas of 45 and /; in Egs. 22 and 23 are still applied in this
case.

Equations 22 and 23 show a positive proof of the multi-
physics associative function on the thermal—electrical
phenomenon of the contact gap. The contact thermal
resistances show two completely opposite variation ten-
dencies for these two interfaces. The great change of the
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760 thermal resistance /5 under the higher axial pressure. In
. other words, the contact resistance serves as a shield of the
740 - MN\\ compact from the more heat loss under the greater

] Yo pressure.
o ave Figure 7 reveals the temperature distribution in the axial
o Ly direction along the inner wall of the die for the 60 MPa
..E pressure. It indicates that such an alterable contact
g_ 700 - boundary is conducive to build a more authentic tempera-
£ ture gradient. The obvious temperature differences occur at
k= 0] —=—20MPa the positions corresponding to the top and bottom surfaces
—e— 40 MPa of the specimen because of the horizontal contact resis-
—+—60MPa tances between the sample and punches. The temperature
660 symmetry no longer exists, which is contributed to the
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Fig. 5 Temperature gradients along the radius direction in the mid-

thickness plane of specimen for different pressures when the
measured temperature reaches 680 °C

f2+d

— bI-d

Fig. 6 SPS contact boundaries affected by the shrinkage phenome-
non of powders. [y, [, and I3 represent the heights of different contact
interfaces before compaction. d represents the shrinkage of powder
compact

displacement field causes not only the particular disconti-
nuity in temperature and electrical fields across the contact
interfaces, but also the different variation rules of the local
thermoelectric effects for different contact pairs.

In Fig. 5, it is obvious that the temperature jump exists
at the sample/die interface and will persist throughout the
heating process because of the inherent contact thermal
resistance, which is noteworthy because the sample/die
contact resistance is closely related to the measured tem-
perature by the thermocouple. Figure 5 shows that the
temperature gradient commences a descending process
with the increase of pressure, because of the larger contact
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remolding of the structural geometry. The temperature of
the part contacted with the moving punch is slightly higher
than that of the part contacted with the fixed punch thanks
to the decreasing 45 with the sliding of the moving punch.

Density field and stress distribution

The applied external pressure as a crucial control parameter
could play the same important role as temperature [23].
The unforeseen stress distribution can lead to the hetero-
geneous deformation and density distribution. For the
pressure-assisted SPS model, the stress and strain are cal-
culated from the aforementioned mechanical constitutive
relation of powder material, and the density distribution is
derived from the cumulative viscoplastic strain. The
varying density is embodied as a varying displacement
field on the macroscopic view. In Fig. 8, the recorded
displacement field as a critical verification indicator of the
thermal-mechanical coupling solution module is compared
with the simulation, and a good agreement is displayed.

1 -—— Fixed part—.: ‘«=——Moving part
680 £ : Cia
660
O 640
g ——B800S - - - 400S
£ 6201
i
1] P
=3 =
5 3804 -—— Fixed part : =——Moving part — =
360 - Fra i o
340 I I I Ll Ll T
0.00 0.01 0.02 0.03 0.04 0.05

Distance from bottom surface (mm)

Fig. 7 Temperature distributions in the axial direction along the
inner wall of the die at r = 400 s and 800 s for 60 MPa pressure. The
moving part represents the part contacted with the moving punch, and
the fixed part represents the part contacted with the fixed punch
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The displacement variations reveal the same slowly
growing inclination in the early stage and the later stage of
sintering, despite different pressures. In the early stage, the
mechanical parameters of powder material changes slightly
when the temperature of the sample is lower than about
200 °C. Consequently, powders can achieve an stable
equilibrium state in a short time and nearly cease the further
densification. When the temperature continues to rise up in
the intermediate stage, the yield stress and elastic modulus
experience a prominent declining process, which facilitates
the explosive growth of the powder shrinkage. However,
when entering the later period of sintering, the growth rates
all slow down distinctly especially for the 60 MPa because of
the higher density close to the dense one.

Figure 9 depicts the stress distributions in the mid-
thickness plane of the specimen at the end of sintering. In
this case, the axial stress is not dominant anymore. For
powders, the radial stress and the angular stress are larger
than the axial stress under the 40 and 60 MPa pressures,
which cannot happen at room temperature. Figure 9d
shows the calculated stress results without thermal expan-
sion for 60 MPa. It can be speculated that the thermal
strain owing to the thermal expansion of the die and the
compact alters the stress distributions remarkably. When
the external pressure is raised from 20 to 60 MPa, the
radial and angular stress increase tremendously along with
the improvement of the densification level. However, the
axial stress is basically consistent with the steady-state
outer load. Actually, the prominent growth of the radial
stress and the angular stress of powders also helps to
improve the material homogeneity.

The distribution of relative density at the end of sintering
is shown in Fig. 10. For the 20 MPa external pressure, the
distribution of relative density presents an obvious degres-
sion trend along the radial direction. By contrast, the relative
density distribution in Fig. 10a behaves many similarities
with the temperature distribution within the sample in Fig. 4.
Because the temperature distributions under different pres-
sures share almost the same tendency, it is logical to presume
that under the lower pressure, the density distribution is very
susceptible to the temperature field and the control role of
stress is not outstanding compared with the one under the
higher pressure. For 40 and 60 MPa, the density span
decreases and a large area of the low-density districts at the
edge gets a very good improvement. So the comprehensive
effect of the interior stress promotes the densification of the
low-temperature positions.

Discussion

The purpose of this article is to discuss a numerical
methodology and a FEM model available for the single-step
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Fig. 8 Simulated and measured time profiles of displacement for
a 20 MPa, b 40 MPa, and ¢ 60 MPa

SPS processing technique rather than to analyze the
process parameters from the perspective of material prop-
erties. A large temperature gradient is created artificially by
using the silicon—nitride die in order to investigate the
influences of the densification process and stress on the

@ Springer



J Mater Sci (2011) 46:5645-5656

5654
L} T T T T T
3004 (a) - T, 1
+ *— g,
250 4 —h— g, 4
] “ y— O,
E 200 \‘x 1
B L
£ 150 \ \‘\\ -
0 ) e
w \ *‘1
@ 100 \ s i
o 1 " s
50 |
] N
04 vy vv g -
FeTPeTILITT s ™
“50 T T T T T T
0000 0005 0010 0015 0020 0025 0030
Radial Position (m)
P qARSECAZTECE e
1(b) \ o ]
- \ T -
300 ] —a g,
250 4 vo,
A
= 200 % .
o \.\
= 1504 " A, 4
b \ A 1
\ .
2 1004 \ Aaa,
e \
L]
& %07 \ 1
] -‘ YV vrY Yy 1": : :\;_ :_;,i_,‘ =EEEEE | "
s0{ 1oassieased -
-100

S S S U A
0000 0005 0010 0015 0020 0025 0030
Radial Position (m)

400 T T T T T T
3504 (¢) + a5,
] ....‘ T 1
\, A Gy
250 4 ‘\ o,
@ 200 E
o A\t
= 150+ ~—h J
= -y
0 100 - * e S
] \
g 0] ]
" 04 vvyryryvyvyvyvvrvy h_; P = S = = o
o ® o
-50 4 R . I s b
1004 I' ]
150 - N
-200 T L T T T T T L | ) g T
0.000 0.005 0.010 0.015 0.020 0.025 0.030
Radial Position (m)
20 T T T T T T
1@ T, 1
2 k- -
10 e bk A A
0 - vrvvvvvvrvv:jj—l—!—:—_rﬂ"’ﬂ 8
- . - )
E -10 + __..-"'. -
e 1
= 20 4 M*HH g
7] 4
0
30 4 4
§ ]
401 - g, ]
50 - ~— o, 4
—A— g, 1
-60 4 I—l-.-.a—a—""l'—. W=y 1
-70 T T T T T T
0000 0005 0010 0015 0020 0025 0030

Radial Position (m)

Fig. 9 Stress distributions along the radius direction in the mid-thickness plane of specimen with thermal expansion for a 20 MPa, b 40 MPa,

and ¢ 60 MPa, and without thermal expansion for d 60 MPa

inhomogeneous temperature distribution more intuitively.
As described in Fig. 5, for the pressure-assisted SPS pro-
cess, a suitable pressure can dramatically decrease the
unfavorable temperature gradient and compensate for the
densification of the colder regions. This cannot be inter-
preted by the SPS FEM models which neglect the function
of the external load and only focus on temperature and
electrical fields.

Figure 11 depicts the measured hardness profiles along
the radius direction on the mid-thickness cross section for
different external pressures. For 20 MPa, the hardness at
the brim is remarkably lower than the center hardness. But
the hardness distribution tends to be more uniform with the
increase of pressure, which is consistent with the distri-
bution rule of the relative density. Thus, the material
inhomogeneity described in Fig. 10 can be confirmed by
the hardness distribution. By Archimedes’ method, the
measured whole mean relative density is 0.843, 0.935, and
0.966 for 20, 40, and 60 MPa, respectively, which are all
slightly larger than the simulated data. So the multi-field
coupled model still needs to be improved.

The effect of the variational local thermoelectric proper-
ties of powder material on temperature field and electrical

@ Springer

field is investigated in this article, which is of theoretical
value and practical significance. Because a large amount of
Joule heat could be generated locally in the high-density
regions, these denser locations would firstly realize sintering
and leave the low-density regions insufficiently sintered,
which would make the temperature field and electrical field
highly dependent on the variation of the local density. Some
SPS experimental observations of conductive powders
indicate that the current localization along the paths of the
least resistance can result in the local Joule heat to be high
enough to melt the conductive material, and some “chan-
nels” of the sintered material would be created [10]. In
addition, if the applied load is not big enough, the hetero-
geneity inside the specimen could generate the difference in
shrinkage and the resulting distortion phenomenon.

As mentioned before, many simulations treat the powder
compact as the isotropic elastic solid. Some [9] interpret
the rationality of this simplification and consider that a
large portion of the sintering process occurs at the phase
approaching to the solid and the further densification relies
on the diffusion along grain boundaries and/or through the
lattice in the later period. However, powders are always
energized in a low density and sintered in a single-step
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sintering for a 20 MPa, b 40 MPa, and ¢ 60 MPa

process, thus the inhomogeneous density distribution has
been produced from the beginning and will exist over
an extended period. This is clearly different from the
homogeneous solid material. Moreover, when the relative
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Fig. 11 Measured hardness profiles along the radius direction on the
mid-thickness cross section for different external pressures

density is greater than 0.9, even though there are only the
isolated pores left, the further densification is also driven
by yielding and creep [24]. Therefore, the consideration of
the powder model has a positive significance on the
understanding of the SPS mechanism and the optimization
of processes for the more complex parts.

Conclusion

In this study, a coupled thermal—electric-mechanical FEM
procedure which consists of a thermal—electrical coupling
solution modulus and a thermal-mechanical coupling user-
subroutines solution modulus, is presented for the one-step-
forming SPS process of powder material. This developed
FEM model gives concern about the influence of the local
density on material properties, as well as the effect of the
displacement field on contact boundaries. Therefore, the
external pressure not only elevates the driving force of
densification, but also greatly affects the temperature field
and electrical field by means of modifying the geometry
structure and the contact thermal and electric resistances.
The simulation shows that the sintering temperature and
the temperature gradient are decreased by increasing the
external pressure from 20 to 60 MPa. The vertical sample/
die contact thermal resistance effectively restrains the tem-
perature gradient along the radius direction especially
under the higher pressure. The distributions of stress show
that the thermal expansion of the die and powder compact
affects the stress distributions remarkably. And the com-
prehensive effect of stress compensates for the densifica-
tion of the colder regions. The experiments demonstrate the
reliability of the adopted constitutive model of powder
material, and illustrate that the interrelationship between
the temperature gradient and the intrinsic stress distribution

@ Springer
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plays a paramount role in the densification mechanism of
the SPS powders.
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Appendix

Iron properties
p(kg m’3) = 7880
E((T)(GPa) = 1.96 x 10*(1 — 2.1 x 107*(T — 298)
— 1.7 x 107(T — 298)?
—32x 10717 — 298)*)
o(T)(1/K) = (4.994 + 0.030T — 2.696 x 10°T*
+8.390 x 107°7%) x 1076
K (T)(W/(m K)) = 73.014 — 5.0 x 10 (T — 273)
—7.096 x 10 (T — 273)?
+1.366 x 10 (T —273)*
~5323x10 (T —273)*
R(T)(1/(Q m)) = (0.096 +2.139 x 1074(T — 273)
+2.240 x 107°(T — 273)*—1.803
x 107(T — 273)°
+3.571 x 10*13(T—273)4)71><106
¢p(T)(J/(kg K)) = 317.202 + 0.433 x T

Graphite properties

p(kg m~?) = 1850

E(GPa) = 200

a(T)(1/K) = 8 x 107°
K(T)(W/(m K)) = 65 — 1.7 x 1072T
R(T)(1/(Qm)) = (26 —3 x 10T +2 x 107°7*

—6.4x 107°T> +7.8 x 107°7%) " % 100 [23]

¢p(T)(J/(kg K)) = 3105+ 1.7 x T

Silicon—nitride properties
p(kg m™?) = 3184
E(GPa) = 330
o(T)(1/K) = 2.7 x 107°(0.856 + 4.919 x 107*T)
K(T)(W/(m K)) =34.271 — 0.0141 x T
¢p(J/(kg K)) = 740

@ Springer

Copper properties [9]

p(kg m’3) = 7850

K(T)(W/(m K)) = 420.66 + 0.07 x T
R(T)(1/(Q m)) = (5.540.038 x T)~' x10°
cp(T)(J/(kg K)) =3553+0.1 x T
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