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Recently, spark plasma sintering (SPS) systems have been used as high-temperature compressive creep testing 

devices. However, SPS systems can have complex temperature distributions within the experimental configu- 

ration that might lead to inaccuracies in the creep test results. For example, sample temperature profiles have 

been found to deviate from the initial temperature distribution as the sample is deformed during the creep test. 

Therefore, finite element analysis has been carried out on the SPS creep test mold configuration to evaluate 

the temperature distribution within an electrically conducting sample in three cases. Then, a multi-step thermal- 

electrical analysis was conducted to confirm the existence of and quantify a temperature deviation present during 

sample deformation. Thereafter, a systematic parametric investigation was performed to assess the effect of sev- 

eral geometrical parameters on the deviation in the sample temperature during deformation. Based on its results, 

recommendations for an optimal mold design that minimizes the sample temperature deviation during creep test- 

ing are provided. Finally, it is proposed that the thickness of the graphite felt used on the upper part of the die 

should be modified to further minimize the sample temperature deviation. The results of this study contribute to 

the overall understanding of the temperature distribution evolution and the effect of current during creep testing 

with an SPS apparatus and also provide practical geometrical recommendations for the use of SPS creep testing 

to achieve minimal sample temperature deviation. 
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. Introduction 

Spark plasma sintering (SPS) is a powerful pressure-/field-assisted

intering technique that is widely used to sinter various materials in-

luding ceramics, metals, and alloys [1–6] . The electric current causing

he Joule heating and the application of uniaxial pressure induce the

ccurrence of densification in short sintering duration [7–8] . The re-

ulting densification data from the SPS can be used to understand the

eformation and densification aspects as well as the mechanisms that

ccur during SPS sintering. Several studies [9–11] reported that creep

eformation was the main mechanism occurring in the densification fi-

al stage during pressure-assisted sintering. Therefore, during the high-

emperature sintering experiments using SPS, the creep parameters were

oted and analyzed. These parameters were in good agreement with

hose obtained from conventional creep experiments. 

Reportedly, the SPS apparatus has been effectively used as an ac-

urate high-temperature creep testing system in several recent studies
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12–14] . The creep tests have been conducted through special SPS mold

onfigurations. These configurations have been successfully utilized to

est the creep behavior of metals and ceramics. The results of the con-

ucted and reported tests were in good agreement with data reported

n the literature using conventional creep test equipment. Furthermore,

PS was used for creep testing over a wide range of temperatures and

ressures. In the case of ceramics, the tests were conducted at a tem-

erature range of 1100–1250 °C and a pressure range of 80–200 MPa

12 , 13] . In the case of metals, the tests were performed under a pres-

ure of 30 MPa in the 400–600 °C temperature range [14] . Because the

PS system provides rapid heating regardless of the material used (ei-

her conducting or insulating materials), creep tests using SPS can be

onducted on any material with only slight adjustments that control

hether or not the electric current flows through the sample. In other

ords, in the case of testing without the current passing through the

ample, Al 2 O 3 sheets were used as insulators [14] . However, it is worth

entioning that the original purpose of the SPS system is not to con-
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Fig. 1. Mold configuration for the SPS creep test (dimensions are not to scale). 
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uct mechanical testing; one drawback of the SPS apparatus is that a

onstant strain rate cannot be set as a fixed constant parameter. There-

ore, high-temperature compressive strength cannot be tested and in-

estigated. However, in the case of creep, the tests are conducted under

onstant pressures, which the SPS system can provide. 

The temperature uniformity of the sample during creep testing is

 critical aspect that controls the accuracy of the test results. However,

PS is known for the presence of sophisticated temperature distributions

hat, in turn, may lead to a non-uniform sample temperature profile dur-

ng the creep test. In addition, one crucial aspect that has not been con-

idered in the previously reported studies of creep testing using SPS is

hat the temperature profile of the sample during creep testing deviates

rom the initial temperature profile as sample deformation begins. This

eviation is a result of several factors that include the shift from the

ymmetrical setup as the sample is deformed (the sample location with

espect to the die), the current output change to maintain the sample

arget temperature during the test, and the asymmetric change in the

ontact area between the punch and the die as the sample is deformed.

herefore, it is believed that this deviation can be minimized by opti-

izing the experimental configuration. 

The simulation of the coupled phenomena involved in the SPS op-

ration through finite element analysis (FEA) has played a significant

ole in understanding the SPS process as a purely experimental analy-

is is impossible owing to a large number of correlated parameters and

xperimental challenges. Several studies have utilized the power of com-

utational modeling and simulation to analyze the temperature distri-

utions during the sintering process using SPS. For instance, Muñoz and

nselmi-Tamburini [15] have conducted modeling and simulation to

nvestigate the roles of various parameters on the temperature distribu-

ion of SPS and of the sample during sintering. Achenani et al. [16] have

tudied the influence of several experimental parameters that may po-

entially affect the temperature distribution of the sintering process in

he alumina case using FEA. Chen et al. [17] have used FEA to evaluate

he effect of electric fields on the SPS sintering process of electrically

onductive aluminum-doped zinc oxide (AZO). However, these studies

ocused on the mold configurations that are used for sintering and when

owder is used in the process. These configurations differ from the one

sed for creep testing in which there is no contact between the solid

ample and the die. In addition, minor temperature differences in the

ample are not usually considered in the sintering process, whereas for

reep testing, these differences might significantly affect and alter the

reep test results. Therefore, evaluating the temperature profiles in the

reep testing special mold configuration is necessary to understand the

emperature distribution during the test and minimize the sample tem-

erature differences as the sample is deformed. 

In that sense, COMSOL Multiphysics® has been used in this study as

n FEA tool to conduct a time-dependent thermal-electrical analysis of

he SPS creep test. Then, a multi-step thermal analysis was carried out

o evaluate and confirm the deviation of the sample temperature profile

uring creep deformation for three cases: when a conducting sample is

lectrically insulated by Al 2 O 3 disks, when SiC disks are used between

he punches and sample, and when the current passes through the sam-

le (which is in direct contact with the graphite punches). A parametric

nvestigation was then conducted to identify the effect of each studied

arameter on the sample temperature deviation and provide practical

ecommendations on the optimal design of the mold configuration in

erms of the mold component dimensions that lead to minimized tem-

erature deviation in the sample during creep testing. Finally, a novel

ractical idea that utilizes changing the thickness of the graphite felt

sed on the die upper wall has been proposed to further minimize the

verall sample temperature deviation. 

The rest of the paper is organized as follows. Section 2 shows the

PS creep test experiment, FEA simulation, and validation. The experi-

ental section provides the necessary data for the FEA simulation, such

s the current profile, and the measurements needed for the simula-

ion validation, which include the sample measured temperature profile
ith time and temperature measurements conducted in other locations.

hen, the generalization process, multi-step thermal-electrical analysis,

nd parametric investigation methodology are discussed in Section 3 .

hereafter, Section 4 presents the results, discussion, recommendations

n the optimal design of the creep test mold, and a novel practical idea

o minimize the sample temperature deviation during deformation. Fi-

ally, Section 5 summarizes the concluding remarks. 

. Experiment, finite element analysis, and validation 

.1. Creep testing by the SPS system 

As the sole purpose of the creep test experiment here is to provide the

ecessary inputs for the FEA simulation and temperature measurements

eeded for validation, a creep test was conducted on an electrically insu-

ated arbitrary sample with known thermal, electrical, and mechanical

roperties, which is in this study a cast Mo-9Si-8B (at.%) sample, using

he special mold configuration presented in Fig. 1 . The configuration

onsists of an outer graphite mold (die and two punches), two Al 2 O 3 

isks that electrically insulate the sample, two Si 3 N 4 disks that act as a

upport material between the sample and the Al 2 O 3 disks, and the test

ample. The Si 3 N 4 disks are used to withstand the high pressure in the

ample side due to the sample smaller cross-sectional area compared

ith that of the graphite punches and Al 2 O 3 disks. In addition, Si 3 N 4 

as high strength [18 , 19] , which assures that the deformation occurs

nly in the sample and not in the disks. Table 1 shows the dimensions

f the experimental setup components. 

As a common procedure to reduce the mold temperature gradient

due to heat losses) during creep testing by SPS, graphite felt, which is a

hermal insulator, was placed around the die and on its top and bottom,

s shown in Fig. 1 . The felt acts as a radiation loss barrier, and its low

hermal conductivity further insulates the mold. This results in a lower

emperature inhomogeneity within the die. 
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Table 1 

Mold and material dimensions used for creep testing using SPS. 

Parameter Value (mm) 

Sample Diameter 6 

Sample Height 8 

Die Inner Diameter/Punch Diameter 13 

Die Outer Diameter 30 

Die Height 40 

Punch Length 30 

Al 2 O 3 Disk Diameter 13 

Al 2 O 3 Disk Height 3 

Si 3 N 4 Disk Diameter 10 

Si 3 N 4 Disk Height 3 

Graphite Felt Thickness 3 

Spacer Diameter 80 

Spacer Height 30 
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Fig. 2. Electric current profile with time. 
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The SPS apparatus that is used in this study is a dr. Sinter SPS-515S

Japan), with a maximum current output of 1.8 kA. An important as-

ect that has to be considered when conducting creep tests using SPS

s the minimum applied force needed for the SPS apparatus to operate,

hich is 1.4 kN for the SPS system used in this study. This is reflected

n the experimental setup as a certain minimum sample cross-sectional

rea that determines the desired pressure of the test. Therefore, in this

tudy, the test specimen diameter was chosen to be 6 mm to provide

nough margin to control the creep test pressure and keep the defor-

ation within the elastic range before applying the test pressure. In

ddition, the height of the sample was selected to be 8 mm to allow for

he creep deformation while maintaining the instrumentation intact. 

The target temperature of the test was 1300 °C, and it was conducted

n vacuum and in a temperature-control mode, using an R-type thermo-

ouple that is placed on the sample surface midway through its length.

dditional temperatures have also been visually measured using an op-

ical pyrometer focused in two locations: the middle point of the die

urface and on the upper punch, 3 mm above the edge of contact area

etween the punch and the die, as shown in Fig. 1 . The experimental

hermal cycle starts with a rise in temperature up to 1200 °C in 12 mins

100 °C/min). After a dwell time of 2 min at 1200 °C, a slower heat-

ng rate is applied, 20 °C/min, from 1200 °C to 1300 °C. This particular

eating pattern was followed to avoid any overheating in the sample

hat may result from rapid heating. When the temperature reaches the

arget value, the test desired pressure is applied to the sample, and the

est starts for a dwell time of 1 h or when the relative punch displace-

ent (RPD) reading reaches 2 mm (to consider the sample and the SPS

ystem expansion and relaxation during the test). During the test, the

ample temperature, pressure, RPD, and electric current are recorded

y the SPS while the pyrometer is used to measure the temperature of

he die and punch surfaces when the sample is at the test target temper-

ture. 

.2. Finite element analysis: theory and methodology 

.2.1. Theory 

COMSOL Multiphysics R ○ was used to perform the FEA simulation of

he thermal-electrical phenomena that occur in SPS during the creep test

iscussed in the experimental section. These coupling phenomena are

overned by the energy and electrical charge conservation equations.

n this model, the system is between the two SPS spacers, as shown in

ig. 1 , and owing to the axisymmetric nature of the experimental con-

guration, one-half of the setup was modeled. The current distribution

odel is described by the following equation [16 , 20] : 

1 
𝑟 

𝜕 
(
𝑟𝑖 𝑟 

)

𝜕𝑟 
+ 

𝜕𝑖 𝑧 

𝜕𝑧 
= 0 (1) 

here i r and i z are the current densities in the r- and z-directions, re-

pectively. However, the temperature as a function of time in cylindrical
oordinates T ( r, z, t ) is given by the following equation [16 , 20] : 

𝑐 𝑝 
𝜕𝑇 

𝜕𝑡 
= 

1 
𝑟 

𝜕 

𝜕𝑟 

(
𝑟𝑘 𝑟 

𝜕𝑇 

𝜕𝑟 

)
+ 

1 
𝑧 

𝜕 

𝜕𝑧 

(
𝑟𝑘 𝑧 

𝜕𝑇 

𝜕𝑧 

)
+ �̇� 𝑖 (2) 

here 𝜌, c p , k r , and k z , are the density, specific heat, and thermal con-

uctivity in the r- and z-directions, whereas �̇� 𝑖 is the heat generated per

nit volume per unit time by Joule heating. T is the temperature, and t

s the time. 

As this simulation represents the previously presented creep test, the

ime-dependent electric current was obtained from the SPS output to

eproduce the exact thermal cycle of the test. The electric current used

n the experiment is a pulsed DC current with a 3.3 ms duration and

2:2 sequence. However, since the time increment of the SPS current

utput profile is relatively large (0.5 s) compared to the pulse duration,

he equivalent continuous current profile has been used as an input in

he simulation. Fig. 2 shows the electric current profile as a function of

he test time. In the simulation, the current has been imposed on the

pper surface of the top spacer, whereas a zero electric potential has

een applied at the bottom spacer lower surface. 

.2.2. Initial and boundary conditions 

The initial temperature used for the simulation is 27 °C (300 K).

urthermore, two main heat transfer boundary conditions are applied.

irst, as a system of heat removal by water cooling operates on the top

nd bottom of the SPS system, a convective flux, Φc , on the upper and

ower horizontal surfaces of the spacers is applied and governed by the

ollowing equation [16 , 21–23] : 

𝑐 = ℎ 𝑐 
(
𝑇 𝑖 − 𝑇 𝑤 

)
(3) 

here h c is the conductive-convective heat transfer coefficient between

he spacers and the cooling water, equal to 880 W/(m 

2 ⋅K) as reported

n previous studies [21–24] , T i is the cooling water temperature (27 °C),

nd T w is the temperature of the wall in contact with the water. 

Second, as the experiments were carried out under vacuum, the only

pplicable heat losses from the experimental configuration were through

adiation. In addition, heat is also transferred through radiation from

he die inner surface to the sample, contributing to the heating of the

ample. The heat transfer and losses by radiation from the surfaces of

he spacers, punches, die inner surface, and graphite felt surrounding

he die were considered and are expressed by the following equation

16 , 21–23] : 

𝑟 = 𝜎𝑠 ⋅ 𝜀 ⋅
(
𝑇 4 
𝑒 
− 𝑇 4 

𝑎 

)
(4) 

here Φr is the radiation heat flux, 𝜎s is the Stefan–Boltzmann constant

5.6704 × 10 − 8 W/(m 

2 ·K 

4 )), 𝜀 is the emissivity of the lateral surfaces
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Table 2 

Graphite and Al 2 O 3 properties used in the simulation [24] . a 

Property Graphite Al 2 O 3 

Density (kg/m 

3 ) 1904 − 0.01414 T 3899 

Heat capacity (J/kg·K) 34.27 + 2.72 T − 9.60 × 10 − 4 T 2 850 

Thermal conductivity (W/m·K) 123 − 6.99 × 10 − 2 T + 1.55 × 10 − 5 T 2 39,500 T − 1.26 

Electrical resistivity ( Ω·m) 1.70 × 10 − 5 − 1.87 × 10 − 8 T + 1.26 × 10 − 11 T 2 − 2.44 × 10 − 15 T 3 8.70 × 10 19 T − 4.82 

a Temperatures are in K 

Table 3 

Thermal and electrical contact resistances correlations used in the simulation 

[31] . a 

Type Contact Expression 

Electrical spacer/punch ( Ω·m 

2 ) 5 × 10 −9 ( 2000− 𝑇 ) 
( 𝑇−1000 ) 

punch/die ( Ω·m) ( 1 . 7 × 10 −3 − 9 . 5 × 10 −7 𝑇 ) 𝐹 𝑒 
Thermal spacer/punch (m 

2 ·K/W) 5 × 10 −6 + 3 × 10 −5 ( 2000− 𝑇 ) 
( 𝑇−50 ) 

punch/Al 2 O 3 (m 

2 ·K/W) 2 . 5 × 10 −5 + 1 . 5 × 10 −5 ( 2000− 𝑇 ) 
( 𝑇−50 ) 

Al 2 O 3 /die (m 

2 ·K/W) 8 × 10 −8 + 4 × 10 −6 ( 2000− 𝑇 ) 
( 𝑇−80 ) 

punch/die (m·K/W) ( 80 + 50 ( 2000− 𝑇 ) 
( 𝑇−80 ) 

) 𝐹 𝑇 

a Temperatures are in K 
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Fig. 3. Temperature profile and current density throughout the SPS creep test 

experimental configuration. 

Fig. 4. Simulated sample temperature profile compared to the experimental 

measurements in addition to the electric current. 
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0.8 for the graphite and 0.99 for the graphite felt [16 , 21–23] ), T e is

he surface temperature of the graphite die or graphite felt, and T a is

he wall temperature of the chamber (27 °C). 

.2.3. Material properties and contact resistances 

Several materials properties (as functions of temperature) are re-

uired for the simulation to be carried out. These properties include the

hermal and electrical properties of graphite, Al 2 O 3 , Si 3 N 4 , the sample

aterial, and graphite felt. It is known that the accuracy of the sim-

lations is very sensitive to the graphite properties, as graphite is the

eat-producing material. As experimented here as well as reported by

tudies in the literature [16 , 24] , the graphite properties provided by the

anufacturer did not result in the successful reproduction of the mea-

urements resulting from the experiment. Therefore, the graphite prop-

rties as well as the Al 2 O 3 properties reported in [24] were used, as they

howed the best agreement with the experimental measurements regard-

ng the temperature and current profiles. These properties are shown in

able 2 . 

As the support material between the Al 2 O 3 disks and the sample is

i 3 N 4 , the electrical and thermal properties of Si 3 N 4 that are reported

n several studies [25 , 26] were used in the simulation. Similarly, the

raphite felt properties, its thermal conductivity, in particular, were ob-

ained from the data available in [27] . Finally, the cast Mo-9Si-8B sam-

le properties were obtained from [28–30] . 

As widely known and reported in the literature, the thermal and

lectrical contact resistances play a significant role in the model accu-

acy and evaluation of the temperature distribution in the SPS mold.

n this study, the thermal and electrical contact resistances applied

n the simulation were obtained from the study by Manière et al.

31] as they showed the best agreement with the experimental mea-

urements. The electrical contact resistances are presented by the re-

istances between the spacer and the punch and between the punch

nd the die. Meanwhile, the thermal contact resistances include the

pacer/punch, punch/Al 2 O 3 , Al 2 O 3 /die, and punch/die resistances. Ac-

ording to Manière et al. [31] , these contact resistances are functions

f the temperature and die inner diameter (the punch diameter). As the

unch diameter of this case is 13 mm, the values of the fitting factors,

 e and F T are 0.218 and 0.13869, respectively. Table 3 summarizes the

ontact resistance correlations used in the simulation. 

.3. Simulation results and validation 

COMSOL Multiphysics® FEA simulation was carried out to evaluate

he temperature profile of the SPS creep test experimental setup through
 time-dependent thermal-electrical analysis. The 2D and 3D tempera-

ure profiles alongside the current density at the test target temperature

1300 °C) are shown in Fig. 3 . As mentioned previously, the temperature

as controlled through an R-type thermocouple placed on the sample

urface. Therefore, the sample surface temperature as a function of time

btained from the simulation is compared with the experimental mea-

urement and is presented in Fig. 4 alongside the electric current profile

hat was used to produce the thermal cycle. From the figure, it is shown

hat the temperature profile obtained from the simulation matches the

easured temperature profile by the thermocouple. 
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Table 4 

A comparison between the simulated and the experimental die and punch wall 

temperatures at the test target temperature. 

Case Position Simulation (°C) Experimental measurement (°C) ∗ 

With 

Felt 

Die surface 1293 1244 ± 4 
Punch surface 1198 1201 ± 9 

Without 

Felt 

Die surface 1110 1112 ± 3 
Punch surface 1423 1419 ± 12 

∗ Measured by the pyrometer as shown in Fig. 1 and the uncertainty ranges, 

which are represented by the standard deviation, were determined through mul- 

tiple measurements (average of eight measurements) during the test at the sam- 

ple target temperature. 
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Table 5 

The reference values and ranges of the studied parameters. 

Parameter Reference value and 

range (mm) ∗ 

Spacer Diameter 60, 80 , 100 

Height 20, 30 , 40 

Die Thickness 5, 15 , 25 

Height 40, 50 , 60 

Punches and Disks Punches Diameter 20, 25 , 30 

Diameter of Al 2 O 3 

(without current) 

20, 25 , 30 

Diameter of Si 3 N 4 

Disks (without 

current) 

17, 22 , 27 

Diameter of SiC 

(semiconductor) 

20, 25 , 30 

Punches Length 20, 35 , 50 

Sample Initial Diameter 9 

Initial Height (Aspect 

Ratio) 

18 (2.0) 

∗ The values in bold are the reference values. 
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Furthermore, two additional measurement points —the center point

f the die wall and the upper punch surface —were also obtained through

he use of an optical pyrometer when the sample temperature reached

300 °C. As mentioned previously, one-half of the setup was simulated

sing the axisymmetric model owing to the symmetry of the experimen-

al setup. The simulation shows that the die is completely surrounded by

raphite felt; however, in the actual experimental setup, a small square

f graphite felt around the measurement point was removed to allow

or the temperature measurement of the die wall using the pyrometer.

imulating this missing part will apply the absence of the graphite felt

round the entire die, leading to an underestimation in the temperature

rofile, as the application of the graphite felt around the die plays a

ignificant role in the temperature distribution of the mold and, in turn,

he sample. Therefore, the more realistic case is to simulate the die with-

ut any parts removed from the graphite felt. Because of that, the die

all temperature is expected to be higher in the simulation than that of

he experimental measurements. This has been confirmed by measuring

he temperature in the case of no graphite felt around the die. These

easurements were compared with the results obtained from the point

valuation in the FEA simulation as shown in Table 6 for the cases with

nd without the use of graphite felt. 

It is noticed in Table 4 that the die wall temperature value in the

imulation is higher than that obtained through measurement for the

ase when graphite felt is used, whereas for the punch temperature, the

easured and the simulated temperature values are in good agreement,

s there is no graphite felt applied on the punches. However, for the case

n which no graphite felt is used, the measured and simulated values of

he temperature for the wall and punch surfaces match the experimental

easurements. In addition, to emphasize the major role of the graphite

elt, in the case of no felt used, the heat losses from the die surface

re significantly high. Therefore, more current is needed to reach the

ample target temperature. This is represented by the high temperature

eadings of the upper punch surface. 

It is important to mention that during the SPS high-temperature sin-

ering, the temperature is usually controlled through the die surface

eading using the pyrometer. However, for creep testing using SPS, the

emperature control should be performed by measuring the sample sur-

ace temperature, as the temperature of the die is significantly different

han the sample temperature, depending on the die geometry. This will

lso be confirmed in Section 4.2.1 . 

. Generalization, multi-step thermal-electrical analysis, and 

arametric investigation 

After validating the FEA simulation results with the experimental

easurements, for generalization and evaluation of the effect of the elec-

ric current passing through the sample on the sample temperature dis-

ribution during the creep test, the thermal-electrical analysis has been

onducted on three references cases: when the sample is electrically in-

ulated by Al 2 O 3 disks (typical creep tests), when SiC disks are used be-

ween the graphite punches and the sample (as used in [12] ), and when
he sample is in direct contact with the graphite punches, whereby the

lectric current passes through the sample (as used in [14] ). 

Several parameters affect the temperature distribution in the SPS

reep testing mold. These parameters include experimental conditions

s well as the die geometry, and its components as have been reported in

everal previous studies [15 , 23 , 32 , 33] . In this study, a limited number

f parameters related to the mold configuration and geometry have been

tudied. The parameters were realistically identified; this means that

nrealistic conditions, such as the elimination of contact resistances or

eat losses, were not included in the investigation. 

The thermal-electrical analyses, multi-step analyses, and parametric

nvestigations have been conducted around a reference geometry that

as been selected to cover a wide range of parameter values consid-

ring several practical aspects; first, as reported in the literature for

reep tests, the sample diameter ranges from 6 mm [34] to 12 mm

13 , 14] . Therefore, the sample diameter was selected as the average

alue (9 mm). In addition, it is recommended for creep testing that

he aspect ratio between the sample height and diameter should be 2.0

o maintain stress uniformity [35] , and this has been used in several

eported compressive creep test studies [13 , 36 , 37] . In that sense, the

eight of the sample is selected to be 18 mm. Second, regarding the

est of the mold components, the parameter reference values and ranges

ere chosen following several SPS related studies and practical limita-

ions, which include a reported parametric study on SPS [15] , creep test-

ng studies using SPS [12–14] , and the dimensions and current/voltage

utput capabilities of the SPS system. The parameters, their reference

alues, and their ranges are summarized in Table 5 . 

Fig. 5 shows the surface temperature distribution with the current

ensity for the three cases. It is important to mention that the same

aterial properties, and boundary and initial conditions were applied;

owever, slight adjustments have been done on the contact resistances,

s some of them are functions of the die inner diameter. In addition, for

he case where SiC disks were used, the properties of SiC as functions of

emperature were obtained from [38 , 39 , 40] and used in the simulation.

.1. Multi-step thermal analysis during creep deformation 

During the creep test, the deformation of the sample takes place

s the lower punch moves upwards. Therefore, the experimental setup

hifts from a symmetrical configuration to an asymmetrical configura-

ion, leading to deviations in the axial temperature profile of the sample.

o evaluate this deviation and its effect on the sample temperature pro-

le, a multi-step thermal-electrical analysis has been carried out on the

hree cases presented previously. Because the pressure is applied when

he sample reaches the target temperature, which is, in this study, 1300
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Fig. 5. Temperature profile and current density for the reference cases (a) with- 

out current (b) with SiC disks (c) with current passing through the sample. 

Table 6 

The change in the sample height and diameter during creep deformation to 

maintain the sample original volume. 

Step Height (mm) Diameter (mm) Volume (mm 

3 ) 

1 18.000 9.0000 1145.1 

2 17.500 9.1277 

3 17.000 9.2609 

4 16.500 9.4001 

5 16.000 9.5459 
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Table 7 

The sample diameter and aspect ratio ranges. 

Sample Ranges 

Initial Diameter (mm) 6, 8, 10, 12 

Aspect Ratio 1.5, 2.0 

Table 8 

Sample maximum temperature difference during deformation for the reference 

cases when the sample is electrically insulated, when SiC is used, and when the 

current passes through the sample. 

Step Sample 

height (mm) 

Sample maximum temperature difference ( ΔT max ) (°C) 

Electrically insulated With SiC With current 

1 18.0 0.1 0.1 4.5 

2 17.5 3.8 3.7 10.6 

3 17.0 7.5 7.2 17.2 

4 16.5 11.0 10.6 23.7 

5 16.0 14.2 13.9 30.1 
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C, stationary, steady-state simulations were adopted for the analysis.

he steady-state cases use fixed currents that produce the sample target

emperature. 

As mentioned in the experimental section, the creep test is conducted

t the test target temperature for 1 h or when the relative punch dis-

lacement (RPD) reading reaches 2 mm. Therefore, to simulate the sam-

le deformation for each of the three cases, the sample height was varied

rom 18 mm (the reference case initial sample height) to 16 mm (after

 mm of deformation) with a 0.5 mm increment in each step. To main-

ain the initial volume of the sample, when the height of the sample

ecreases with deformation, the diameter increases. Table 6 presents

he quantitative change in the height and the diameter of the sample in

ach step. It is important to mention that, because the temperature of

he sample center is the point of temperature control in the SPS through

he thermocouple, the current used in each step has been adjusted to

aintain the sample center temperature at 1300 °C to simulate the ac-

ual SPS temperature control during the experiment. 

.2. Parametric investigation on the sample temperature deviation during 

he creep test 

In this investigation, the parametric analysis is conducted around the

eference cases that were used in the multi-step thermal-electrical analy-

is, applying the ranges of each of the parameters presented in Table 5 .

imilarly, stationary steady-state cases are adopted. It is important to

ention again that the current has been adjusted to maintain the sam-

le temperature at 1300 °C (the target temperature in this study) when
arying each of the parameters. This provides meaningful results and

alues comparable with the reference cases. 

The parametric investigation has been performed following a two-

tep procedure. First, the effect of the heat-producing components on

he sample temperature deviation was evaluated. Based on the first step

esults, an optimized mold design with a fixed sample size was achieved.

hen, the effect of the sample diameter and the aspect ratio, which cor-

esponds to the sample height, on the sample temperature deviation

sing the optimized mold design, which was produced in the first step,

as assessed. To evaluate the effect of each parameter on the sample

emperature deviation during the creep test in the first step, the sam-

le maximum temperature difference in the last deformation step was

ompared when each of the parameters was changed to within its des-

gnated range, as presented in Table 5 . In the second step, the sample

aximum temperature deviation was calculated when the sample di-

meter and the aspect ratio between the sample height and diameter

ary within the ranges shown in Table 7 . As mentioned previously, the

ample diameter in previously reported compressive creep tests ranges

rom 6 mm to 12 mm. In addition, the aspect ratio between the height

nd diameter of the sample ranges from 1.5 [33] to 2.0 [13 , 34–36] . 

. Results and discussion 

.1. Multi-step thermal analysis results 

The sample axial temperature profile and sample surface tempera-

ure of the three cases for each deformation step are shown in Fig. 6 . To

ase the reference of the deformation step results, the height of the sam-

le in each step was used as the step name. The distance along the x-axis

s from top to bottom. As shown in Fig. 6 , the existence of a tempera-

ure gradient evolution during deformation is confirmed in the three

ases. The presence of such temperature deviations within the sample

eads to significant inaccuracies in the creep test results, as the results

re highly sensitive to the sample temperature. To analyze the sample

emperature deviation quantitatively, Table 8 presents the maximum

emperature difference of the sample for each deformation step for the

hree cases. 

It is important to mention that as the SPS consists of a positive up-

er electrode and a negative lower one, it is known that the temperature

f the positive upper electrode is higher than that of the negative one.

his phenomenon has been studied and simulated by Achenani et al.

16] by utilizing asymmetrical thermal boundary conditions. In partic-

lar, asymmetrical convection heat transfer coefficient has been applied

o the upper and lower spacers. This can also be compensated for by ad-

usting the punches positions relative to the die. However, in this study,
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Fig. 6. The sample axial temperature profile and sample surface temperature distribution for each of the deformation steps (reference case) (a) without current (b) 

with SiC (c) with current passing through the sample. 
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his temperature deviation between the electrodes has not been taken

nto account in order to solely evaluate the effect of creep deformation

n the sample temperature deviation. 

It is shown in Fig. 6 and Table 8 that a slight difference exists between

he temperature deviations of the case when the sample is electrically

nsulated and that when the SiC disks are used. This is due to the fact

hat SiC acts as an insulator or a semiconductor that allows no current

r a small portion of current to pass through the sample depending on

he type of SiC used. Therefore, negligible changes are induced in the

ample temperature deviation. According to Snead et al. [39] , covalent-

ond SiC is considered an electrical insulator at all temperatures as its

lectrons are strongly bonded to the nucleus and due to the lack of metal-

ic bonding. However, they can show semiconductor properties by dop-

ng. On the other hand, CVD-SiC shows semiconductor properties as it

s known to be a wide band-gap semiconductor with a wide range of

lectrical resistivity (1 to 10 5 Ω• cm) depending on the level of doping

39 , 40] . Regarding the thermal conductivity, the thermal conductivity

f SiC decreases to values less than 100 W/m-K at higher temperatures

han 1000 °C [39] , which are in the same range of Si 3 N 4 thermal con-

uctivity [25] . These behaviors justify the negligible changes between

he cases when the sample is electrically insulated and when SiC disks

ere used. 

However, a relatively larger temperature deviation is noted when

he current passes through the sample. When the sample is electrically

nsulated or when SiC is used, the sample is heated through the Si 3 N 4 or

iC disks by conduction, and from the die inner wall through radiation;

hus, no Joule heating is generated within the sample itself as little to no

urrent passes through the sample. However, when the current passes

hrough the sample, the sample has an additional heating source, which

s the Joule heating that is induced within it due to its electrical resis-

ance. The induced Joule heating in the sample increases the sample

emperature to be higher than that of the punches, especially the punch

urfaces in contact with the sample. This temperature difference creates

 small temperature deviation between the sample center and the upper

nd lower parts of the sample that are in contact with the punches due

o the heat transfer from the sample to the punches. In that sense, in

he first step before the deformation starts, a small temperature devia-

ion is noted for the case when the current passes through the sample.

his is also noted in the sample surface temperature before the defor-

ation starts in Fig. 6 c, which shows a slight color difference between

he sample center and the upper and lower parts of the sample. It is
 a
orth mentioning that this temperature difference is small compared to

he sample temperature deviation that is induced during deformation,

s shown in Fig. 6 c. 

Furthermore, it is noted from the results in Fig. 6 that when the sam-

le starts to deform, the temperature at the top of the sample increases

hile the bottom-side temperature decreases. This is due to the decrease

n the exposed punch length in the lower part of the mold setup and the

ncrease in the contact area between the lower punch and the die as

he sample is deformed (the lower punch moves upwards). This leads

o a temperature decrease in the lower part due to the decrease in the

ocal electrical resistance and in the current density in the contact area

etween the lower punch and the die. These phenomena are discussed

horoughly in Section 4.2 . Because the SPS system adjusts the current

o maintain the target sample temperature at the control point, the tem-

erature decrease in the lower part is accompanied by a corresponding

emperature increase in the upper part of the sample. 

The sample temperature deviation is a result of the shift from the

ymmetrical configuration; as the sample is deformed, the position of

he sample as well as that of the contact area between the punches and

ie changes. This disturbs the heating symmetry in the mold and leads to

on-uniform heating of the sample, resulting in a temperature deviation.

s the shift from a symmetric configuration to an asymmetric one is

nevitable, the temperature deviation cannot be eliminated. However,

t can be minimized by optimizing the mold geometrical configuration,

s presented in the following sections. 

.2. Parametric analysis results 

In this section, the parametric investigation results are presented. As

reviously discussed, the sample temperature homogeneity is quanti-

atively assessed through the sample maximum temperature difference

 ΔT max ) in the last deformation step. Two cases —when the sample is

lectrically insulated and when the current passes through the sam-

le —have been presented in the parametric analysis. 

The parametric investigation is conducted as follows. First, the effect

f the individual parameters listed in Table 5 on the sample temperature

eviation with a fixed sample is evaluated. Then, an optimal mold design

ith a minimum sample temperature deviation is achieved and used

o evaluate the effect of the sample diameter and the height/diameter

spect ratio on the sample temperature deviation. 
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Fig. 7. Sample maximum temperature difference ( ΔT max ) when changing each heat-producing parameter compared to the reference case in the last creep deformation 

step (a) without current (b) with current passing through the sample. 
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Fig. 8. The normalized current values when changing each of the parameters. 
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.2.1. The effect of the heat-producing parameters with a fixed sample size 

The values of the sample maximum temperature difference ( ΔT max )

hen varying the heat-producing components individually for the cases

hen the sample is electrically insulated and when the electric current

asses through the sample are presented in Fig. 7 a and 7 b, respectively.

rom the results, it is noted that for the case when the sample is electri-

ally insulated, increasing the spacer height, the die height, and punch

ength values, while decreasing the values of the rest of the parame-

ers, leads to a lower sample maximum temperature deviation in the

ast creep deformation step. For the case in which the electric current

asses through the sample, changing the parameter values demonstrate

he same effect except for the die height and the punch diameter. In-

tead, decreasing the die height and increasing the punch diameter de-

reases the sample temperature deviation. 

The sample heating balance between conduction, radiation, and

oule heating, in addition to the current required to reach and maintain

he sample target temperature during the test, are important to under-

tand, revealing the nature of this phenomenon. As mentioned previ-

usly, the sample is heated by conduction through the punches and by

adiation through the die inner surface for the case in which the sam-

le is electrically insulated. However, when the current passes through

he sample, the sample is heated through conduction, radiation, and

he Joule heating induced in the sample itself. In terms of current, the

ormalized current values when changing each of the parameters with

espect to the reference case current are presented in Fig. 8 . The nor-

alized current is a result of dividing the current needed to reach the

ample target temperature when varying any of the parameters by the

urrent of the reference case. It is important to mention that Fig. 8 rep-

esents the two cases —the electrically insulated case and the case in

hich the current passes through the sample —as both cases exhibit the

ame behavior and almost identical normalized current values. 

The mold components in most of the cases have different lengths and

ross-sectional areas, and when the current passes through them, differ-

nt amounts of Joule heating are induced, depending on the dimensions

f these components. In the components with large cross-sectional ar-

as, the current passes with low current density and less Joule heating

s induced, as their electrical resistance is reduced [15] ; this results in a

ower temperature in these components. In that sense, when the thick-

ess or the diameter of any of the components of the mold decreases, the

ross-sectional area of that component decreases and the current density

ncreases, which increases the localized Joule heating in that component
 w  
nd, in turn, its temperature. In addition, the length of the components

f the mold is also of importance as it affects the electrical resistance

f the entire configuration. When the component is long, the electrical

esistance increases, which increases the localized Joule heating in the

omponent, leading to an increase in the temperature. 

It is important to recall here that the SPS system adjusts the current

uring the sample deformation to maintain the sample target temper-

ture. However, as different amounts of Joule heating are induced by

he current in the mold components based on their dimensions, the cur-

ent adjustments by the SPS during deformation affect the heating of

he components differently, leading to significant differences in the tem-

eratures of the mold components. This effect will disturb the heating

alance in the sample. Therefore, in most of the cases, lower currents

nd current adjustments are preferred to maintain the heating balance

f the sample. 

For the electrically insulated sample case, these phenomena occur

hen decreasing the spacer diameter, punch diameter, and the die thick-
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Fig. 9. The surface temperature and the current density when changing the die thickness from 5 mm to 25 mm for the cases in which (a) the sample is electrically 

insulated and (b) the current passes through the sample. 
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ess. When any of these parameters decreases, the cross-sectional area

f the component decreases, and the current density increases leading

o more induced localized Joule heating. This leads to an increase in the

emperature in these components and, hence, in the entire setup temper-

ture. This temperature increase contributes significantly to the heating

f the sample, with less current needed to reach and maintain the sample

arget temperature (as shown in Fig. 8 ). Therefore, the sample heating

alance by conduction and radiation is maintained, and fewer current

djustments are required, as small adjustments are sufficient to main-

ain the sample temperature without affecting the temperature of the

ther components. This effect leads to a decrease in the sample tem-

erature deviation as less heat balance disturbance takes place. Because

hanging the die thickness shows the same effect for the two cases —the

lectrically insulated sample and when the current passes through the

ample —Fig. 9 shows the surface temperature and current density when

hanging the die thickness for the two cases, as an example that demon-

trates the discussed phenomena. The vertical and horizontal arrows

epresent the conduction and radiation heat transfer directions, respec-

ively. 

In addition, the sample temperature deviation is decreased by in-

reasing the spacer height and punch length (or exposed punch length).

his takes place owing to the fact that by increasing any of these two pa-

ameters, the electrical resistance of these components increases, which

eads to increased localized Joule heating in these components, leading

o an increase in the overall temperature. Similarly, this temperature

ncrease maintains the heating balance of the sample, with smaller cur-

ent adjustments ( Fig. 8 ) that do not affect the temperature profile of

he other mold components, and decreases the sample temperature de-

iation. 

In the case when the sample is electrically insulated, decreasing the

ie height increases the sample temperature deviation. Although de-

reasing the die height decreases the electrical resistance of the en-

ire setup, a phenomenon called current crowding takes place. Current

rowding is presented by the increase in the local current density in one

art of the component, which leads to a local temperature increase in

hat part. Current crowding creates a temperature difference within the

omponent itself. This difference significantly affects the sample heating

alance and, therefore, increases the sample temperature deviation. In

he mold configuration, current crowding always takes place in the con-

act area between the punches and die because of deformation. When

he sample is deformed and the lower punch moves upward, the contact
rea between the lower punch and the die increases, compared with that

f the upper punch. This increase in contact area decreases the current

ensity and, hence, the temperature in that area. 

The use of a longer die increases the contact area between the die

nd the two punches and decreases the current crowding. As shown in

ig. 10 a, the current crowding in the contact area between the upper

unch and the die when the die is short is high compared to the lower

unch and die contact area for the case when the sample is electrically

nsulated. The current crowding increases the local current density in

he contact area between the upper punch and the die, which leads to

 higher local temperature in that area. This temperature increase leads

o an increase in the sample temperature deviation, as the upper part of

he mold has a significantly higher temperature than that of the lower

art. On the other hand, when the die is long, the current crowding is

ignificantly less in the last deformation step, owing to the large con-

act area between the die and the punches, even when the contact area

etween the die and the upper punch is 2 mm less than that between

he die and the lower punch, as this deformation change is small com-

ared with the overall contact area. This leads to a decrease in current

rowding, the asymmetric local current density, and in turn, the tem-

erature of the upper part of the die, which causes a decrease in the

ample temperature deviation. 

However, for the case when the current passes through the sample

the sample is in direct contact with the punches), the parameters show

 similar influence on the sample temperature deviation except for two,

hich are the die height and the punch diameter. Decreasing the die

eight when the current passes through the sample decreases the sam-

le temperature deviation. As shown in Fig. 10 b, when the die is long,

he current has an alternative path before reaching the sample, as the

ontact area between the punch and the die increases. This leads to

ess current passing through the sample compared with the shorter die

eight (refer to the arrows in Fig. 10 b). When the die is short, more cur-

ent will pass through the sample, increasing the sample temperature

ith less current adjustments to reach the sample temperature ( Fig. 8 ).

his maintains the conduction, radiation, and Joule heating balance and

ecreases the temperature deviation within the sample. 

However, increasing the punch diameter decreases the sample tem-

erature deviation. When the punches are larger in diameter, more cur-

ent is required to heat the punches (as shown in Fig. 8 ) because the

urrent density decreases with an increasing cross-sectional area of the

unches. As more current passes through the punches and the sample
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Fig. 10. The surface temperature and the current density when changing the die height from 40 mm to 60 mm for the cases where (a) the sample is electrically 

insulated and (b) when the current passes through the sample. 

Fig. 11. The surface temperature and the current density when changing the punch diameter from 20 mm to 30 mm for the cases in which (a) the sample is 

electrically insulated and (b) when the current passes through the sample. 

d  

p  

c  

l  

i  

r  

t  

s

 

b  

m  

v  

e  

(  

p

4

 

a  

p  

t  

a  

t  

i  

s  

s  

p

 

a  

t  

i  
iameter is constant, the large cross-sectional area change between the

unch and the sample (when the punches are larger in diameter) in-

reases the current density in the sample itself, which increases the

ocalized Joule heating in the sample, as shown in Fig. 11 . This local-

zed Joule heating contributes more to the heating of the sample and

educes the heating through conduction from the punches and radia-

ion from the die. Because higher Joule heating is induced within the

ample, the temperature deviation within the sample decreases. 

To implement the parametric analysis findings, the parameters have

een changed accordingly within the bounds to produce a set of opti-

ized values for each of the two cases with a fixed sample size. These

alues are presented in Table 9 . The optimized mold configurations for

ach case have been utilized in evaluating the effect of the sample size

sample diameter and sample height/diameter aspect ratio) on the sam-

le temperature deviation in the following section. 
.2.2. The effect of the sample size on the sample temperature deviation 

After evaluating the effect of the parameters with a fixed sample size

nd obtaining an optimal mold design that minimizes the sample tem-

erature deviation, the resulting optimized mold design has been used

o evaluate the effect of the sample diameter and the height/diameter

spect ratio on the sample temperature deviation. The sample diame-

er and aspect ratio have been changed following the ranges presented

n Table 7 . The effects of the diameter and aspect ratio changes on the

ample maximum temperature difference for the electrically insulated

ample and for the case when the current passes through the sample are

resented in Fig. 12 a and 12 b, respectively. 

As discussed previously, the change in the sample diameter should

lways be accompanied by a change in the sample height to hold a cer-

ain height/diameter aspect ratio for maintaining stress uniformity dur-

ng the creep tests [35] . It is shown in Fig. 12 that the effect of the sample
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Table 9 

The optimized values of the studied parameters with the resulting sample maximum temperature difference in the last creep defor- 

mation step with and without the current passing through the sample. 

Parameter Optimized value 

Without current With current 

Spacer Diameter 60 mm (Lower Bound) 

Height 40 mm (Upper Bound) 

Die Thickness 5 mm (Lower Bound) 

Height 60 mm (Upper Bound) 40 mm (Lower Bound) 

Punches 

and 

Disks 

Punches Diameter 20 mm (Lower Bound) 30 mm (Upper Bound) 

Al 2 O 3 Disks Diameter (without current) 20 mm (Lower Bound) –

Si 3 N 4 Disks Diameter (without current) 17 mm (Lower Bound) –

Punches Length 50 mm (Upper Bound) 

Sample Maximum Temperature Difference 3.7 °C 13.4 °C 

Normalized Current with Respect to the Reference Cases 0.48 0.77 

Fig. 12. Sample maximum temperature difference ( ΔT max ) with respect to the sample diameter and the aspect ratio in the last creep deformation step (a) without 

current (b) with current passing through the sample. 
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iameter and the sample height/diameter aspect ratio for the two cases

ollow the same trend. Increasing the sample diameter and the sample

eight/diameter aspect ratio increases the sample maximum tempera-

ure deviation in the last step of deformation. 

In the case in which the sample is electrically insulated, increasing

he sample diameter and the corresponding aspect ratio for the opti-

ized mold case leads to a decrease in the contact area between the

ie and the punches (identical to decreasing the die height). Therefore,

urrent crowding, which is discussed in the previous section, increases,

nd the conduction and radiation heating balance of the sample is dis-

urbed owing to the temperature difference in the upper and lower side

f the die. However, for the case in which the current passes through

he sample, increasing the sample diameter and aspect ratio decreases

he cross-sectional area difference between the sample and the punches

identical to decreasing the punch diameter), leading to the current pass-

ng through the sample with less current density. This effect decreases

he Joule heating induced within the sample itself and increases the con-

ribution of the heat conduction and radiation from the punches and the

ie, respectively, which increases the sample temperature deviation. 

.3. Optimization of the mold design and the arbitrary asymmetrical setup 

From the results, following the parametric analysis findings to de-

ign a mold design that minimizes the sample temperature deviation

ecreased the temperature deviation of the sample. Therefore, it is rec-

mmended to implement the values and trends presented in Table 9 with

he use of a practically small diameter sample size with as small an

spect ratio as practically possible ( Fig. 12 ). This will significantly de-
rease the sample temperature deviations that lead to enhanced creep

est results. 

In addition, a possible way to further reduce the sample temperature

eviation is by slightly altering the symmetrical setup of the mold to an

symmetrical setup before the test; this will create an initial temperature

eviation in the sample before deformation, which will converge to a

hift in the overall sample temperature deviation during deformation.

s discussed previously, the deformation of the sample occurs as the

ower punch moves upward, and the temperature of the upper side of

he sample increases whereas the temperature of the lower side of the

ample decreases. Therefore, the initial sample temperature deviation

an be induced by reducing the upper side temperature of the sample.

his can be done through several mold design modifications, such as

ncreasing the thickness of the upper part of the die or increasing the

ower punch length. One practical method to create an initial sample

emperature deviation that can be controlled without changing the die

r punch dimensions is to control the thickness of the graphite felt on

he upper side of the die. As discussed before, the graphite felt plays an

mportant role in preserving the heat in the die by inhibiting the heat

osses from the die walls. In that sense, reducing the thickness of the

raphite felt that is applied on the top wall of the die increases the heat

osses from that part, leading to a local decrease in the temperature of

he die upper side and, in turn, the sample. 

To implement this proposed idea, the graphite felt thickness on the

op of the die has been changed from 3 mm to 2.6 mm for the opti-

ized mold configuration when a sample of 6 mm in diameter and 2.0

spect ratio (12 mm height) is electrically insulated. Then, the result-

ng geometry is used in the multi-step thermal-electrical finite element
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Fig. 13. The sample axial temperature profile for each of the deformation steps for the optimized case (a) without changing the upper graphite felt thickness (b) 

when changing the upper graphite felt thickness from 3 mm to 2.6 mm. 

Table 10 

Sample maximum temperature difference during deformation for the optimized 

case when changing the upper graphite felt thickness compared to the symmet- 

rical case. 

Step Sample 

height (mm) 

Sample maximum temperature difference 

( ΔT max ) (°C) 

Symmetrical 

case 

Asymmetrical 

case 

1 12.0 0.3 − 1.7 

2 11.5 1.0 − 1.0 

3 11.0 1.8 0.3 

4 10.5 2.5 1.2 

5 10.0 3.2 1.5 
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nalysis to evaluate the sample temperature deviation during deforma-

ion. Thereafter, the results are compared with the multi-step analy-

is when no changes are made to the graphite felt thickness. The ax-

al temperature profile results are presented in Fig. 13 , and the sam-

le maximum temperature deviation results are shown in Table 10 . The

egative temperature difference values in Table 10 indicate a higher

emperature in the lower part of the sample, compared with the upper

art. 

It is shown in Fig. 13 and Table 10 that when changing the upper

raphite felt thickness from 3 mm to 2.6 mm, the temperature deviation

s shifted. In other words, an initial temperature deviation is induced

efore the deformation starts, and the sample temperature difference

n the third deformation step is equal to the initial sample temperature

ifference (before the deformation takes place) when no changes are

ade to the graphite felt thickness. This effect forces the temperature

eviation to decrease in the first steps of deformation until it reaches the

nitial temperature deviation of the symmetrical case; then it increases.

eanwhile, in the symmetrical case, the sample temperature deviation

ontinuously increases. This phenomenon will enhance the quality of the

reep test results as it reduces the overall sample temperature difference

uring the creep tests. 

It is important to mention that this method only works when the

ample is electrically insulated, as when the current passes through the

ample, the heating of the sample is a result of the heat conduction from

unches, radiation from the die, and induced Joule heating within the

ample itself. This, in turn, reduces the importance of the die in terms

f heating. However, when the sample is electrically insulated, the die

lays a significant role in heating the sample. 
. Conclusion 

During creep testing using the SPS apparatus, it is confirmed,

hrough the coupled multi-step thermal-electrical analysis of the experi-

ental setup, that a temperature deviation within the sample takes place

s the sample starts to deform. This deviation might significantly affect

he accuracy of the test results. Therefore, in this study, FEA was utilized

o conduct a parametric investigation on the temperature distribution of

he experimental configuration to evaluate the influence of several pa-

ameters on the sample temperature distribution during the creep test

hen the sample is electrically insulated and when the current passes

hrough the sample. Based on the parametric analysis results, the creep

est mold geometry was optimized to provide a temperature distribution

ithin the sample with minimum deviation during the test. 

From the results of this study, the mold geometry is shown to play a

ignificant role in controlling the sample temperature deviation during

eformation. Moreover, maintaining a high current density in the mold

omponents and increasing the electrical resistance by increasing the

eights or lengths of the components minimize the sample temperature

eviation. However, for the case in which the current passes through the

ample, a different effect regarding the punch diameter and die length

s noticed as these components contribute to the current density in the

ample itself, increasing the Joule heating within the sample and de-

reasing the sample temperature deviation. Furthermore, a novel prac-

ical idea that involves reducing the thickness of the graphite felt that

s used on the die upper wall is evaluated and presented. Changing the

pper felt thickness induces an initial temperature deviation within the

ample that decreases in the first steps of deformation, then increases.

his phenomenon can be used to further decrease the overall sample

emperature deviation during deformation. 

The results of the thermal analysis and temperature distributions

ontribute to the overall understanding of the thermal profile of the

PS creep test experimental configuration. Furthermore, through para-

etric analysis, the future use of the SPS system as a high-temperature

reep testing apparatus is enhanced, yielding the optimized geometri-

al conditions to conduct creep tests with improved accuracy due to the

inimization of the sample temperature deviation. 
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