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Abstract

Finite element simulations have been conducted to determine the temperature distribution (both in radial and axial direction), heat and electric

flux-field in the powder compact/die/punch assembly during the spark plasma sintering (SPS) process. A thermal–electrical coupled model with

temperature dependent thermal and electrical properties is implemented. The simulation studies were conducted using both ABAQUS and

MATLAB and a range of power input, varying thermal conductivity of powder compact were considered. Also, the effect of time variation on both

thermal and electric field evolution was assessed. During SPS, the heat transmission pattern and the temperature difference between the specimen

center and the die surface depend on thermal conductivity of the powder compact, time of sintering and power input. The simulation results also

revealed that the temperature gradient across the powder compact/graphite die wall is higher for conditions of higher power input and/or powder

compact with lower thermal conductivity.
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1. Introduction

The field assisted sintering technique (FAST) or pulsed

electric current sintering (PECS), belongs to a class of novel

sintering techniques that employs a pulsed direct current (DC)

to enhance consolidation in order to produce sintered parts from

metallic/ceramic powder [1]. In last one decade, various

variants of FAST/PECS techniques, for example spark plasma

sintering (SPS) [2], have been successfully used to consolidate

a large variety of materials. A review on the historical

background and recent research trends in sintering under

electric field can be found elsewhere [2–10]. Until now, the SPS

technology has been used to fabricate various materials

including metals and alloys, compounds, ceramics, composites,

especially some bulk amorphous and nanomaterials, multi

scaled structure and functionally graded materials, etc. [11–15].

Although the mechanism of SPS process is still unclear to

research community, nevertheless it surprisingly outperforms in
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many ways than various conventional sintering. This process

ensures high thermo-efficiency, which is determined by the

nature of heating in the SPS furnace and such heating

phenomenon is fundamentally different from conventional

sintering. In case of SPS, the pulsed DC current is made to pass

through a graphite die–punch assembly, containing porous

powder compact. In contrast, such die–punch assembly is

heated by external heating source as in case of conventional

sintering (hot pressing). During the process, the combination of

a low voltage, high intensity pulsed direct current and uniaxial

pressure is simultaneously applied, which in turn offers the

possibilities of using rapid heating rates and very short holding

times to obtain highly dense samples [16–18]. A strong

electrical field is produced in the small gaps of the particles to

make the electrons, cations and anions to strike the surface of

the opposite particle and purify its surface. In parallel, SPS

heating provides better self-purification of the surfaces,

interfaces and grain boundaries. It is noteworthy to mention

that a specific advantage of field assisted sintering, over

traditional hot pressing or hot isostatic pressing, is controlled

grain growth, which results into improved mechanical [19],

physical [20] or optical properties [21].
d.
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The experiments carried out for electrically conductive [22–

24] and non-conductive powders [24–26] demonstrated such

attractive properties/property combination in the compacted

materials. It has been believed that at initial stage, the pulsed

DC current generates the spark discharge between the powder

particles. The gases existing in the sample can be ionized and

transformed into plasma. The generated spark discharges and

plasma promote the elimination of absorbed gases and oxide

layers on the surface of powder particles. Hence, the particle

surfaces are cleaned and activated, which provides the

favorable diffusion bonding between particles, thus accelerates

the densification of the compact. Although, the claim that the

pulses generate spark discharges and the existence of plasma

between the powder particles explained the reason of the

process being called as spark plasma sintering, the experi-

mental evidences for the spark discharge and plasma are still

lacking [11,12,27–31]. Moreover, the quantification of the

effects of pulsed direct current on densification of the

conducting powders has not been well-explored yet.

In summary, SPS process, to our understanding, is driven by

three mechanisms (Fig. 1): (a) activation by pulsed current, (b)

resistance sintering and (c) pressure application. The present

research in the field of new materials is increasingly using the

technology of SPS. The temperature field during sintering

becomes an important consideration, because of the high

heating-up involved in SPS. When sintering Ni powder using

SPS [32], the temperature difference is above 130 8C from the

center of the sample to the inner surface of die (highest

temperature is 930 8C). Therefore, it is important to find out the

temperature gradient distribution and the associated factors.

Zavaliangos et al. [33] also reported the importance of the

evaluation of temperature distributions during FAST. Their study

enables a proper comparison between FAST and traditional

sintering techniques and also indicates how to optimize

processing parameters in larger size specimens. Hence, it is

significant to study the special consolidation mechanisms of SPS
Fig. 1. Schematic of the physical process, involving the current flow during the

spark plasma sintering process [5].
process for sake of optimizing the processing parameters, as well

as developing the potential applications of SPS technology.

2. Current state of knowledge

The temperature field evolution during SPS has been

investigated, by a few research groups. Yucheng and Zhengyi

[34] calculated 2D temperature distribution inside the die, and

their analysis confirms the temperature difference between the

center and edge at the final stage of sintering in SPS system. It

was further commented that higher is the thermal conductivity,

lower is the temperature difference. Another conclusion of their

work is that temperature difference is directly related to heating

rate, i.e., higher the heating rate, greater is the temperature

difference which can be as high as 450 K when sintering

temperature at sample center is 1873 K. In a subsequent and

more detailed study, Zavaliangos et al. [33] performed finite

element simulation to study the similar problem of temperature

distribution as well as its evolution during field activated

sintering. Additionally, considerable temperature gradient, both

in radial and axial direction, was analyzed in their work. They

attempted to rationalize the finite element calculations from

physical aspects of SPS, Joule’s heat generation in the die set up

and heat transfer within and out of die set up. Another important

observation of their work is that almost linear co-relation exists

between die surface temperature and the sample temperature.

Recently, similar FEM calculations have been performed by

Van der Biest and coworkers [35] to model the evolution of

current density and temperature distribution in SPS system. In

order to validate the finite element model, some designed

experiments were carried out on electrically conducting

titanium nitride and electrically insulating zirconia powder

compact. It has been concluded that a largely inhomogeneous

temperature distribution can be expected to exist in case of

titanium nitride when compared to zirconia sample under

identical FAST cycles. Such difference can be attributed to

difference in current flow in zirconia (current flow through

punch and die) and titanium nitride (current flow through

sample). Because of such a likely temperature distribution

effect, a guideline to closely capture the temperature profile is

proposed. It has been suggested that if a pyrometer is placed at

bottom of bore hole inside the upper punch (about 5 mm away

from specimen center), a better temperature control can be

ensured with a temperature difference between the center and

carefully placed pyrometer limited to 5 K or lower.

However, there has been limited attempt to study the

densification mechanism during such a novel sintering route. In

a recent attempt Song et al. investigated the phenomenon of

neck growth during spark sintering of conducting metallic

powder (copper) [15]. The influence of inhomogeneous

temperature distribution on the microstructure development

during the initial stages of spark plasma sintering has also been

theoretically analyzed to quantify the effect of pulsed direct

current. It was indicated that for conducting powder like

copper, the intense joule heating effect at the particle

conducting surface can often result in reaching the boiling

point and therefore leads to localized vaporization or cleaning
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of powder surfaces. Such phenomenon ensures favorable path

for current flow. Additionally the neck growth behavior is

experimentally observed to depend on the local distribution of

current density. Importantly, they describe such growth that

phenomenon follows self adjusting mechanism which leads to

homogeneous distribution of neck sizes.

3. Model description

3.1. Temperature, heat and electrical flux distribution

inside sample and die

3.1.1. ABAQUS formulation

Based on the schematic representation given in Fig. 2, and

by exploiting symmetry of the setup, two-dimensional

axisymmetric finite element models were developed for the

thermal–electrical analyses. The finite element solutions were

subsequently obtained using the ABAQUS explicit and implicit

solvers [36,37].

The geometry, shown in Fig. 2, was used as a basis to conduct

the thermal–electrical analysis. The apparent contact conditions,

calculated for the different interfaces affect the electrical flow,

heat generation and heat transfer. This model was solved using a

fully coupled finite element formulation, which provides the

electrical current density distribution, potential fields, heat

generation and temperature history. To simulate the electric

current flow through the setup, the magnitude of current was set

as a pulsed current condition, while the potentials at the upper and

lower graphite punch were set to +2.5 and �2.5 V.

To model current and heat flow across the interfaces, surface

contact elements were applied to all the matching surfaces. The

surface contact resistance was modeled using electrical contact

conductance, ECC (V�1 m�2) and thermal contact conductance,

TCC (W�1 m�2 K�1), which are both temperature and pressure

dependent. The contact conductances are temperature depen-

dent, because it is related to the conductivities of the contacting

materials and to geometric changes of the gap due to applied
Fig. 2. The two-dimensional analysis of the thermal heat flow in the sample.
load/pressure or relative thermal expansion. In the model, at each

pair of contacting interface, the electrical current density, ~J
(A m�2) is calculated according to the following expression:

~J ¼ ECC� ðV2 � V1Þ (1)

where (V2 � V1) is the potential difference across the interfacial

gap. Subsequently, the amount of heat flux,~q (W/m2) generated

at the interface from the passage of electrical current (Joule

heating) is given by

~q ¼ TCC� ðV2 � V1Þ (2)

In the present model, only the temperature dependency was

taken into account. The values of ECC and TCC were assumed

to increase exponentially with temperature, following Eq. (3),

ECCðTÞ or TCCðTÞ ¼ b expððT � T0Þ=ðTL � T0ÞÞ
aR0AC

(3)

where R0 is the static electrical (or thermal) contact resistance

measured at reference temperature T0, AC is the contact area, a

and b are empirical constants. Both ECC and TCC were

assumed as infinite, if incipient fusion/melting occurs above

the melting temperature, TL.

3.1.2. MATLAB—a simple approach

In our study, the problem of temperature distribution in

graphite die/punch/sample assembly is solved by assuming the

heat transfer situation in case of axially symmetric cylinder

[34].

The fundamental heat transfer equation to compute

temperature T(r,u, t) at any given radial distance ‘r’ and at

any given time scale ‘t’ is as follows:

1

r

@

@r
r
@T

@r

� �
þ @2T

@u2
þ q̇ ¼ 1

a

@T

@t
(4)

where radial distance as r (m), temperature as T (K), time as t (s)

and power input as q̇ (W/m3).

The solution of the Eq. (4) provides us the temperature

gradient (steady state), as given in Eqs. (5) and (6):

dT

dr
¼ � q̇1

2k1

when 0 � r � r1 (5)

dT

dr
¼ � q̇2

2k2

� r2
1ðq̇1 � q̇2Þ

2k2

1

r
when r1 � r � r2 (6)

where sample radius as r1 (m), die radius as r2 (m), power input

in sample as q̇1 (W/m3), power input in die as q̇2 (W/m3),

thermal conductivity of sample as k1 (W/(m K)), thermal

conductivity of die as k2 (W/(m K)), ambient temperature as

T1 and surface temperature as T2 (K).

The die surface temperature in steady state is governed by

Eq. (7):

T2 ¼
1

2es
q̇2r2 þ

r2
1

r2
2

ðq̇1 � q̇2Þ þ T4
1

� �� �1=4

(7)

In the above equation, e refers to the emissivity of the

graphite and s refers to Stefan–Boltzmann constant.



Fig. 3. Plot of thermal conductivity of graphite as a function of temperature.

Note that the linear fit deviates from the thermal conductivity data, while the

cubic fit overlaps with the thermal conductivity data.
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We assume equal power input ðq̇1 ¼ q̇2Þ and power input is

evenly distributed in die and sample. The temperature

dependence of thermal conductivity of graphite has been

considered. In Fig. 3, the thermal conductivity of graphite is

plotted against the temperature. On the same plot, the estimation

using linear and cubic fit is also shown. While the linear fit

noticeably deviates from the thermal conductivity variation, the

cubic fit almost overlaps on the actual data, thereby indicating

that the variation in thermal conductivity of graphite with

temperature can be appropriately described by a cubic equation.

3.2. Surface temperature and electric field evolution in SPS

system

We have considered the system with following dimensions:
Sample
 Diameter
 20 mm
 Thickness
 6 mm
Die
 Diameter
 46 mm
 Height
 40 mm
Punch
 Diameter
 20 mm
 Length
 30 mm
Base
 Diameter
 76 mm
 Height
 40 mm
Fig. 4. The results of MATLAB estimation of graphite die surface temperature

(as per Eq. (7), see Section 3.1.2) with variation in electrical power input. Note

that the increase in surface temperature to more than 1000 8C is only feasible,

when power input is more than 0.5 � 107 W/m3.
We use graphite as material of die, sample and punch. We

have considered the above dimensions of die and sample, so as

to investigate how temperature and electric fields evolve during

SPS process. It can be reiterated here that depending on

electrical conductivity of the powder compact, a finite fraction

of total current always passes through die wall. Therefore, the

die wall thickness is important as it can clearly influence both

the electric and thermal field evolution.

3.2.1. Simulation conditions

3.2.1.1. Material property. It is known that both thermal and

electrical properties are temperature dependent. Fessler et al.

[38] assumed the electrical properties to be constant resulting in

decoupling of the problem. We are coupling electrical and
thermal problem, and we believe that as described earlier this

approach is better than that of Fessler et al. who first estimated

the joule heating and then passed that value to heat transfer

algorithms which results in decoupling of the problem. This

approach is fundamentally different from what takes place in

the real experiment.

3.2.1.2. Boundary condition. Following earlier reports by

Groza and coworkers [33,39], we set extreme surface

temperature at 320 K and the applied electrical voltage as

5 V. The application of DC current is assumed in the present

case and it can be noted here that it has been reported that the

pulsed current does not change the analytical results to a

significant extent [40–42]. The interaction of die surface with

external environment is taken care by considering the loss of

heat by radiation with constant emissivity of 0.8. However, the

heat loss through conduction and convection is neglected as the

process is being carried out in vacuum. It needs to be

recognized here that imperfect contact results into localized

thermal and electrical resistance. The assumption of ideal

surface, as also assumed by Anselmi-Tamburini and coworkers

[40] and Anselmi-Tamburini et al. [41,42] is not appropriate in

such a system. No assumption about the behavior of electrical

or temperature field is considered in our work. In previous

works, a part of the punch inside the die is being taken as

integral part die; however we account them as separate entities.

3.2.1.3. Seeding and mesh generation. In our computational

analysis, element size is set to be equal to 0.002, corresponding

to approximately 34,000 nodes which are sufficiently high as it

has been observed that shifting from 10,000 nodes to 35,000

nodes the results converge, while the color band representation

goes to saturation at 15,000 nodes.

4. Results and discussion

4.1. Temperature distribution inside the sample and die

Following Eq. (7) and related assumptions of Section 3.1.2,

the die surface temperature during SPS has been estimated
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using MATLAB. The surface temperature as a function of

power input under steady state conditions is plotted in Fig. 4.

Two characteristic features can be noted. Upto a power input of

0.5 � 107 W/m3, the surface temperature steeply increases.

When the power input exceeds 0.5 � 107 W/m3, the die surface
Fig. 5. The results of the MATALAB simulation depicting the thermal heat flow

temperature profile in the middle cross-section of the sample at a constant Joule heat

heat conductivity on the temperature profile at Joule heat density of 0.5 � 107 W/
experiences higher temperature, i.e. more than 1000 8C. In the

later regime, the temperature increase follows a near parabolic

relationship. From Fig. 4, it is very clear that if SPS processing

needs to be carried out at a temperature region corresponding to

graphite die surface temperature of 1000 8C or higher, the
evolution in the powder compact/die system for various conditions: radial

density (1.25 � 107 W/m3) (a and b) and the effect of temperature independent

m3 (c), 1.25 � 107 W/m3 (d) and 2.0 � 107 W/m3 (e).



Fig. 6. ABAQUS FEM simulations visualizing the temperature distribution on

the die and punch surface after 450 s operation of spark plasma sintering at a

constant Joule heat density of 1.25 � 107 W/m3: (a) overall view of the entire

system of graphite plate/punch/die system and (b) closer view of the region of

top punch and graphite punch/graphite plate interface.
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electrical power supply enabling power input to the SPS system

to more than 0.5 � 107 W/m3 needs to be used.

An increase in die surface temperature from 1000 to 1700 K

can be realized with seven times increase in power input, i.e.,

from 0.5 � 107 to 3.5 � 107 W/m3. Following this we have

investigated the temperature distribution in the die/sample

system. For Fig. 5(a) and (b), the power input has been set to

1.25 � 107 W/m3, which is also used for our ABAQUS

experiments. ABAQUS approach has been discussed in great

detail in further sections. Three different relative values of the

thermal conductivity of the sample are assumed for Fig. 5(a)

and (b). We have used Eqs. (4)–(6) to obtain quantitative

predictions of temperature as a function of radial distance from

the center of cylindrical die. From the data plotted in Fig. 5(b)

the temperature decreases with increase in radial distance,

irrespective of thermal conductivity. However, such a decrease

strongly depends on the relative difference in thermal

conductivity of various powder samples. For example if we

consider the use of a 46 mm diameter die, the temperature

difference between center and the edge is around 50 K for high

(66 W/(m K)) and moderate (40 W/(m K)) thermal conductiv-

ity. However, a temperature difference of 100 K can be

observed for material with low conductivity (5 W/(m K)).

Another important aspect, which can be inferred from Fig. 5(b),

is that larger the diameter more is the temperature difference

between center and edge of die. For a 46 mm diameter die, the

temperature difference of 90 K for low thermal conductivity

sample and around 25–35 K for moderate/high thermal

conductivity material can be expected.

Next, we analyze the effect of power input on temperature

distribution inside sample and die. Three different power inputs

(0.50 � 107, 1.25 � 107, 2.00 � 107 W/m3) have been used in

our work. Fig. 5(c)–(e) depict variation of temperature as

function of thermal conductivity for different level of power

input. Careful observations lead to few important implications.

For low power input, the drop in temperature from center to

edge is low. Higher power input produces more than three times

of temperature drop as compared to low power input. Clearly,

the center of the die attains higher temperature in steady state

for higher level of power input. Quantitatively, with power

input of 0.50 � 107 W/m3, the die center achieves a tempera-

ture of 1100 K; however increasing power input to

2.00 � 107 W/m3 produces temperature of around 1650 K at

the center. It should be noted that in both cases, material of

same thermal conductivity (5 W/(m K)) has been used. Further

we observe the effect of thermal conductivity with respect to the

power input. For a given power input, we note different

temperature drop, with change in thermal conductivity. This

temperature drop is high for low thermal conductivity

materials, but as we increase thermal conductivity of sample,

fall in temperature from center towards end of sample dies

down. It is almost negligible for thermal conductivity equal to

or higher than 80 W/(m K). On the other hand, low thermal

conductivity materials assist in producing large temperature

gradient. For instance, at power input of 1.25 � 107 W/m3 a

low conductivity material experiences a temperature fall of

around 60 K in temperature from center to edge of the sample.
Such phenomenon is well assisted by physics of conduction. A

low thermal conductive material allows heat to flow with less

resistance and hence a significant drop in temperature is

observed as we move away from center of sample. This should

be noted that the rate of fall in temperature across graphite die is

same for all power input values, because it solely depends on

thermal conductance of graphite. However, actual numerical

values of temperature across die are different as we change

power input level. Higher power input produces higher values

of temperature, as discussed earlier too.

4.2. Surface temperature and electric field evolution in SPS

system

The simulation results, obtained using ABAQUS software

are presented below in terms of three important aspects:
(a) T
emperature field.
(b) E
lectric field (electric current density).
(c) H
eat flux.
In selected cases, the ABAQUS results were compared with

complementary analysis, carried out using MATLAB. In our



Fig. 7. ABAQUS FEM simulations visualizing the temperature distribution on

the die and punch surface after 450 s operation of spark plasma sintering at a

constant Joule heat density of 1.25 � 107 W/m3: (a) closer view of the graphite

die surface and (b) closer view of the region of punch and graphite punch/

graphite plate interface.

Fig. 8. ABAQUS FEM simulations visualizing the temperature distribution on

the die and punch surface at a constant Joule heat density of 1.25 � 107 W/m3

after 90 s of during spark plasma sintering experiment: (a) entire system of

graphite plate/punch/die system; (b and c) closer view of the temperature profile

at the region of punch and at graphite punch/graphite plate interface.
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ABAUS simulation, a constant power input of 1.25 � 107 W/

m3 has been considered.

4.2.1. Temperature field

The evolution of temperature field over the system is

simulated after two representative situations of 450 and 90 s,

during the spark plasma sintering experiments. After 450 s

(refer Figs. 6 and 7) the surface temperature is in the range of

1301–1355 K (average �1325 K) which is slightly lower

(�14–158) than obtained by MATLAB analysis (value

�1339 K). It can be further mentioned here that Munir’s

group performed similar simulation (450 s) and obtained a die

surface temperature of 1273 K whereas their experimentally

finding was 1323 K [40–42]. This result was very close to our

model predicted temperature of 1325 K.

Although there are some difference in results obtained for

longer sintering time, the temperature, heat and current flux

distribution after 90 s (Fig. 8) have good correlation with our

simulation results as well as with that of the earlier reported

results by Anselmi-Tamburini and coworkers [40] and

Anselmi-Tamburini et al. [41,42]. It can be noted here that

Munir’s group also neglected the heat transfer (conduction

radiation) and they calculated the temperature increase due to

Joule heating, which is proportional to the corresponding
resistance in the system. However, the heat transfer situation

modifies the initial temperature distribution.

From our simulation results, it can be commented that the

highest temperature in the system develops in the punches during

the early stages. The generated heat is partially diffused into the

specimen and partially lost into the machine (upper and lower

graphite spacers), which is water cooled (a force conduction

situation). As the process progresses, the temperature in the

specimen increases due to thermal conduction from the punches.

In addition, the surface radiation causes a secondary heat loss for

the specimen/die assembly. This pattern of heat flow results in a

temperature differential between die surface and specimen center

with the specimen center at a higher temperature than the control

temperature on the surface of the die.
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Additionally, the temperature gradients should be realized

while carefully noting higher temperature in punches. Full

punch should not be expected to be at higher temperature than

other parts. Arguing that a part near to sink to be at highest

temperature does not sound reasonable too. The larger

magnified simulation results (Fig. 8c) enable us to explore

the effect of contact resistance and radial temperature gradient.

4.2.2. Electric field

As far as the simulated distribution of electric current

density (ECD) is concerned, Fig. 9 shows clear difference in

ECD between graphite punch and die surface. In particular, the

electric current is maximum at the part of the punch outside the

die, due to smallest cross-section area (see red region/band).

Although the magnitude of the current varies during sintering,

the pattern of current flow is practically independent of time for

the specific simulated application. Again the punches

experience mostly high ECD and therefore Joule’s heating is

in accordance with ECD. We can comment that Joule’s heating

dominates in the punch part, as it should be. Overall, our

ABAQUS simulation results reveal lowest ECD on die surface,

while intermediate level ECD at the punch area.
Fig. 9. ABAQUS FEM simulations visualizing the temperature distribution on

the die and punch surface of spark plasma sintering at a constant Joule heat

density of 1.25 � 107 W/m3 for various conditions: (a) after 450 s of soaking

and (b) after 90 s of soaking during spark plasma sintering experiments.

Fig. 10. ABAQUS FEM simulations visualizing the temperature distribution on

the die and punch surface at a constant Joule heat density of 1.25 � 107 W/m3:

(a) after 90 s of soaking and (b) after 450 s of soaking during spark plasma

sintering experiments.
Our results again are not valid only on physical basis, but

also agree with the work by Gorza and coworkers [33,39]. As

stated earlier, ECD trend does not change over the time,

however the numerical values differ. This can be confirmed

from snapshots taken after 90 s of simulation (Fig. 9c).

4.2.3. Heat flux

The simulation results of the heat flux evolution over same

two events have been presented in Fig. 10. Since the punches

are at higher temperature with less surface area, the existence of

a clear gradient can be seen in the punches for two simulated

events. For example, after simulation experiment of 90 s, the

interface of die/punch shows more non-uniform heat flux

distribution compared to that after little more holding time of

450 s. In both cases, the upper interface of punch with top ram

experiences more heat flux (indicated by red region). It is

possible that such gradient in heat flux can result in

inhomogeneous heat generation for the die/sample assembly.

5. Conclusions

A fully coupled thermo-electrical finite element analysis

using ABAQUS and MATLAB was conducted for varying

thermal conductivity powder compacts and for condition of
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different power input with an aim to understand some aspect of

spark plasma sintering and following major points emerge from

our study:
(a) T
he temperature profile across powder compact is strongly

sensitive to both power input and thermal conductivity.

Irrespective of power input level, no significant difference

in the temperature gradient is observed for thermal

conductivity value of 40 W/(m K) or above. For powder

compact of lower thermal conductivity (20 W/(m K) or

lower), the difference in maximum temperature, attained at

sample center increases with increasing power input level.
(b) O
ur simulation results (ABAQUS) reveal that maximum

surface temperature is attained at the punch region, closer to

the die/punch interface at steady state conditions (450 s).

The graphite plate remains at the room temperature.
(c) A
t the transient conditions (90 s) the die surface

temperature is found to be at much lower temperature,

when much higher temperature is reached at the graphite

punch region.
(d) A
s far as evolution in electric current density is concerned,

the maximum level is attained at the central part of the

graphite punch/die interfacial region at steady state

condition (450 s); however the maximum current density

is more spread at the two end regions of graphite punch/die

interfacial area. Also the simulation results indicate that

rather uniform heat flux condition can be realized during

steady state at die/punch interfacial area and deviation from

uniformity can be observed towards the graphite punch/

graphite plate (top/bottom electrode) contact region.
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