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Electric field assisted sintering technique (FAST) is a sin-

gle step processing operation for producing bulk (near fully

dense) materials from powders. The powder is placed in a

conductive die and pressed with conductive punches under

pressure while electric current is applied. This process

differs from other powder processing techniques such as

HIP and press and sinter operations where the powder or

compact is heated externally in that the powder is heated

directly as a result of internal Joule heating (for conductive

powders) and/or by conduction from the die and punches.

The overall result is much more efficient heating which

allows heating rates of [1000 �C/min to be achieved [1].

These very high heating rates can lead to non-uniform

distributions of electrical current and temperature fields. In

conductive powders, Joule heating may be localized,

causing the evolution of temperature within the powder to

be highly dependent upon local properties and variations in

density. Coupled with the fact that the powder is not

pressed prior to sintering, a situation arises where the

sample will be nearly insulating at the beginning of the

process and transition to conductive upon densification [2].

This dramatic variation in properties can have a profound

effect on the local temperature history and resulting final

properties/performance of the part [3].

The complex nature of the electrical and thermal gra-

dients present during the FAST process was first explored

numerically by Zavaliangos et al. [4] using a finite element

model. This work highlighted that the die surface and

specimen are generally at different temperatures, which is a

concern for process control. They showed the importance

of contact resistances within the system on the distribution

of current and temperature. These contact resistances were

shown to be dependent on applied pressure [5]. A similar

modeling approach in conjunction with experiments was

presented in [6] to evaluate the effect of material properties

on the local temperature field distribution in two different

ceramics. Other finite element modeling results [7] have

shown that tooling geometry also has a significant impact

on the resulting electrical and thermal field distributions.

Despite the progress made to date, prior work has been

aimed at studying thermal-electric phenomena without any

consideration of the evolution of density which in turn may

affect the thermal and electrical properties. Zhang [2] made

an attempt to incorporate punch motion during FAST. The

sintering of a cylinder was approximated by a sequence of

different finite element discretizations assuming that den-

sity was uniform in the specimen. The variation of height

was obtained from experimental data. This approach does

not work when significant density variation is present in the

sample. Thus, a need exists to model the coupling of the

thermal-electric and sintering phenomena. A fully coupled

thermal-electric-sintering model is required to account for

evolution of material properties due to densification as well

as the displacement of punches. A fully coupled model of

the FAST process will be useful in process optimization for

materials sensitive to local variations in temperature field

such as nanopowders, and in optimization for scale-up

efforts to produce larger/more complex parts. The work

presented in this paper focuses on model development and

a numerical case study of the sintering of a rectangular

compact with an initial density variation under the appli-

cation of an applied electric field.

To this end, a two-part finite element approach was

utilized to create a fully coupled model that incorporates

thermal, electrical, and sintering phenomena. The two
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modules consist of a thermal-electric simulation and a

sintering (thermal-displacement) simulation. The tempera-

ture history resulting from an external current applied over

a short time period, Dt, is calculated by a coupled thermal-

electric simulation which considers a fixed specimen

geometry. This is used as an input to the sintering simu-

lation which tracks the local relative density and produces

an estimate of the shape and volume evolution of the

specimen during the same time period Dt. The updated

mesh is fed to the thermoelectric simulation and the pro-

cess is iterated. In addition, stresses at the end of each

sintering iteration are stored to maintain continuity over

time. A schematic of the algorithm is shown in Fig. 1. All

finite element simulations were run using the commercial

package ABAQUS.

A two-dimensional rectangle of 10 9 20 mm is con-

sidered in this set of simulations. A study of the effect of

thermal diffusivity on the overall densification behavior

was carried out. Four case studies of different material

configurations were run to evaluate the proposed algorithm.

In all cases the sintered body consists of two layers of

different initial relative density (RD0L = 0.59 and

RD0H = 0.69) along the shorter dimension of the specimen

with a ratio of thicknesses: tL/tH = 4. The electric current

is applied such that the two layers are in either series or

parallel configuration (stacked normal or parallel to the

direction of applied current). The current is applied directly

to the corresponding surface nodes of the compact which

maintains the electrical input even in the event of sample

distortion due to sintering in the absence of applied pres-

sure (i.e., there is no loss of contact with an electrode). The

two configurations were repeated with the thermal diffu-

sivity decreased by one order of magnitude (initial density

configurations can be seen in Fig. 2). Such density and

material gradients are possible by design, or can result

from die filling and pressing operations.

The thermal-electric simulations are fully coupled, with

the temperature history coming solely from heat generation

due to Joule heating effects. The difference in specific heat

between the two sets of samples necessitates an adjustment

to the current input to achieve the same heating rate for all

samples. The initial current input was 11 kA for the sam-

ples i and ii (higher thermal diffusivity), and 27 kA for

samples iii and iv (lower thermal diffusivity) after which

the current was increased in a stepwise manner at a rate of

300 A/min. This generated a heating rate of *105 �C/min

for all samples. The simulations were stopped when the

material reached full density. The material properties vary

with temperature and relative density. The temperature

dependence of the material properties has been discussed in

[7, 8], while the density dependence of thermal and elec-

trical conductivity was assumed to be given by:

keff

ks
¼ exp 7q� 7ð Þ; reff

rs
¼ exp 7q� 7ð Þ ð1Þ

where q is the relative density, k and r are the thermal and

electrical conductivity with subscripts s and eff indicating

the fully dense and the effective values, respectively.

Material properties were assumed of a model conductive

material similar to tungsten carbide cobalt (WC-Co) with

the thermal conductivity roughly doubled. It is emphasized

that the goal of this work is process understanding rather

than direct predictions of experimental results. The fully

dense (14.4 g/cm-3) thermal and electrical conductivity

were taken to be 162 Wm-1 K-1 and 1.93 9 107 Sm-1,

respectively. The heat capacity of the fully dense material

is 200 J kg-1 K-1.

To achieve lower thermal diffusivity for samples iii

and iv, the thermal conductivity was decreased by a factor

of 2, while the overall heat capacity was increased by a

factor of 5.

The constitutive equations for sintering are based on the

work of Bouvard [9, 10]. In this phenomenological model,

the densification kinetics

_es ¼ XðTÞðq1ðTÞ � qÞn ð2Þ

are fitted to experimental data obtained from a single

staircase sintering cycle. In this equation, q?(T) is the

maximum relative density that can be reached at a given

isothermal sintering step, and X(T) and n are fitting

parameters as a function of temperature. This constitutive

model is implemented in ABAQUS via a creep user sub-

routine. Stresses calculated from the analysis are input to

the subroutine and used with the constitutive model to

determine the increment in creep strain. The volumetric

creep strain is used to update the relative density at the end

θ(t)
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simulation RD1
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Thermal-electric 
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... RDt

Fig. 1 Schematic of simulation algorithm. During a thermoelectric

step the density is fixed. For an adequately small time increment this

algorithm is equivalent to a fully coupled simulation that takes into

account all three phenomena
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of each increment. The present case study considers only

free sintering, i.e., the compact is not constrained in a die

or under pressure. The model presented here was imple-

mented in ABAQUS in a way that can take into account

elastic properties as functions of relative density. The value

of Young’s modulus determines the maximum stable time

increment in the simulation. For the free sintering problem

examined here, the elastic strains involved are very small

(\0.01%). For efficiency purposes we chose to implement

fixed elastic properties for all densities. For this specific

problem results were rather insensitive to the value of

modulus with ±1 order of magnitude of the values used.

Finally it was established that alternation between sintering

and thermoelectric simulations every 5 s of process time

provided adequate discretization of the problem. The total

sintering strain varied by less than 0.5% when 5 and 10 s

intervals were compared. The values used for the Young’s

modulus and Poisson’s ratio were 5 GPa and 0.3,

respectively.

For both cases of thermal diffusivity, the current density

was uniform throughout the sample in the series arrange-

ment, whereas in the parallel case more current flows

through the region of initially higher density due to its

lower resistance. This difference in current path leads to

differential heating and densification results depending on

the thermal diffusivity. The simulation predictions for the

temperature histories of the sintering cycle are presented in

Fig. 2. In the series cases, more heat is generated in the

lower density layer where the resistance is higher, whereas

in the parallel cases the high-density layer heats faster. In

the simulations with higher thermal diffusivity, preferential

heat generation in a layer is quickly dissipated to the other

layer, and the temperature throughout the sample remains

mostly uniform (maximum DT \ 13 �C) for both arrange-

ments throughout the run. While both layers densify at

approximately the same rate, there is distortion of the

compact’s geometry (Fig. 3) due to the differential shrink-

age involved in going to full density from different initial

densities.

On the other hand, the densification kinetics of the lower

thermal diffusivity samples is governed by the heat gen-

eration of each layer. Therefore the temperature gradient

within the sample is much higher and a maximum DT of

105 �C develops in the parallel case and a DT of 75 �C in

the series arrangement. In the parallel sample, the tem-

perature is higher in the high-density layer since heating is

dominated by high current density. In the series example,

heating is dominated by the resistance of the material, and

the higher temperature is present in the low-density layer.

This effect is readily observed in the resulting densification

of the sample (Fig. 3a and c). Heat flux from the higher

temperature low-density layer to the low temperature high-

density layer results in a transient cooler band and lower

density region in the middle of the specimen. The onset of

densification is also sooner and the overall sintering pro-

cess is shorter for the series arrangement since heating is

taking place in a larger volume (the low density layer). In

the series case, the low-density material sinters to full

density before the high-density layer begins to densify.

This differential densification results in distortion of the

compact until the higher density layer begins to densify and

‘‘catches up’’ (Fig. 3c) at which time the distortion
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Fig. 2 Temperature histories of

selected points for the four

examples used in this study. (a)

Series sample with baseline

thermal diffusivity; (b) parallel

sample with baseline thermal

diffusivity; (c) series sample

with reduced thermal

diffusivity; and (d) parallel

sample with reduced thermal

diffusivity. Points for histories

are identified in the inset mesh
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decreases but remains present even when all material is

fully dense due to the difference in the initial densities. The

parallel case follows a different densification path. In this

case, the high-density layer heats and densifies completely

before the lower initial density layer sinters at all. Since the

high-density layer is relatively thin (20% of the compact), a

reversal of the distortion occurs as sintering proceeds in the

lower initial density layer (Fig. 3d). In both cases, the

temperature field homogenizes (Fig. 2c, d) as the material

densifies and the resistances of each layer decrease and

approach that of the fully dense material.

When the heat conduction length scale is of the same

order as the length scale of the higher density regime in the

parallel series arrangement, it is conceivable that a self-

accelerating heating situation may develop. In other words,

heat in the high-density region, which densifies quicker the

material, cannot be dissipated and accelerated sintering by

further increasing the local density of the material. Rai-

chenko [11] discusses experimental observations of current

localization in conductive powders along paths of least

resistance and resultant heat generation which can result in

the local heat to be high enough to melt the conductive

material and result in ‘‘channels’’ of sintered material

leaving the rest of the specimen poorly sintered.

The fully coupled thermal-electric-sintering model

developed for the simulation of electric field activated sin-

tering processes presented in this work successfully accounts

for sintering and can predict distortions caused by non-uni-

form initial densities and most importantly the evolution of

material properties of a conductive material during the

course of densification. It was shown that variances in local

densities and material properties (thermal diffusivity) can

dramatically affect the overall sintering behavior of a

sample. This has severe implications for parts with inho-

mogeneous initial density fields, as samples with the same

average final density may have undergone drastically dif-

ferent thermal histories and have varying properties based on

their starting state. Additionally it was shown that these

initial variations can result in preferential densification

‘‘paths’’, along which high current will pass and sinter

material locally. Depending on processing parameters and

sintering times, this can result in compacts with heteroge-

neous microstructures, significant transient stresses, and

final distortion. Such phenomena are expected to be exag-

gerated in complex shape parts and need to be taken into

account during design and optimization of electric current

sintering operations.
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