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†CEMES, CNRS UPR 8011 and University of Toulouse, Toulouse, France
‡CIRIMAT, University of Toulouse, CNRS, INP-ENSIACET, Toulouse, France
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1. Introduction

The spark plasma sintering process (SPS) permits the densification of a wide

variety of materials [1–2] (metals, alloys, ceramics, polymers, and compos-

ites). This breakthrough sintering technique is able to create highly dense

materials with micro-structural control and a very short processing time

[3–5]. Although it has experienced a very strong growth in the last three

decades in terms of publications and patents, its industrialization is still in

its infancy. This is mainly due to the fact that pieces of simple geometries

have been densified so far, and that this technology is considered to suffer

from a lack of reproducibility and productivity. We will try to show in this

chapter, how to overcome three of the main challenges of SPS technology:

reproducibility, multi-samples, and elaboration of complex shapes.
2. Reproducibility

Phenomenon occurring during Spark-Plasma-Sintering (SPS) still need

more investigation to fully control the process. The control of the sintered

material requires more understanding, particularly on the phenomena lead-

ing to a lack of reproducibility. Dog-bone shaped samples of the Ti-6Al-4V

alloy have been sintered to full density to validate whether SPS offers the
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possibility to obtain repeatable complex pieces or not. Thematerial was cho-

sen due to its microstructure—highly dependent on temperature—which

could easily reflect gradients in the densified samples. Tensile properties

were evaluated to compare their values (i.e., reproducibility) and whether

the SPS samples exhibit the same level of performance as annealed and

solution-treated forged alloy.
2.1 Introduction
Titanium alloys are of great interest, especially for aerospace and biomedi-

cal applications because of their biocompatibility and their high specific

mechanical and corrosion properties [6]. Large-scale production is still

restricted because of the high cost and the technical complexity of titanium

extraction. Furthermore, thermomechanical treatment applied on raw

materials is also a huge part of the final product cost. This is directly related

to the final shape complexity. It is therefore essential to use titanium alloys in

the most efficient way to minimize the amount of wasted material. Near Net

Shape (NNS) processing offers the possibility to meet this need and to sim-

plify processes by reducing the number of steps. Powder metallurgy is one of

the methods of NNS fabrication used for the Ti-6Al-4V [7–14] and this

work specifically concerns the use of Spark Plasma Sintering (SPS). In this

process, the heat is created by a pulsed electric current passing through the

die and the powder. It allows high heating rates (up to 1000°C/min) and

shorter sintering duration. This is, as claimed by its inventor, is due to

the presence of sparks between granules which lead to the cleaning of their

surfaces and to the generation of plasma which facilitates the diffusion pro-

cess [15–17]. Other effects, like the rapid activation of plastic deformation at

the contact points of the granules, are still being discussed in the literature

[18]. These phenomena enhance mass transport at these points and contrib-

ute to obtain shorter sintering duration. It is a well-known phenomenon in

SPS of conductive powders that the temperature inside the powder is higher

than the set point temperature [15,18–21]. Therefore, powder temperature

is higher than the die temperature. For all these reasons, homogeneity and

control of the temperature inside the powder, i.e., control of the microstruc-

ture and the mechanical properties of the sintered sample, can be difficult,

and needs more investigation.

The aim of this work is to evaluate repeatability of the SPS process in

terms of density, microstructures, and mechanical properties of the samples

elaborated. In order to achieve this target, 12NNS samples (complex shapes)



Fig. 1 Scheme of the stack and the produced samples.
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have been sintered in the same conditions using specific dies already tested

[22] (Fig. 1). Gauge-length microstructures of all the samples are observed

using optical microscopy (OM) and tensile properties are characterized.

Mechanical behavior of these specimens is a point of interest in order to eval-

uate this technique with regard to the already used process for aeronautical

applications.
2.2 Materials and procedure
2.2.1 As received material
A pre-alloyed powder of Ti-6Al-4V provided by the French company

Aubert & Duval [23] has been used. It was produced by Plasma Rotating

Electrode Process (PREP) [24] and its chemical composition is detailed

in Table 1.

It results in the formation of spherical and full granules (Fig. 2A) which

are benefits to full densification of the material by sintering [6]. The Beta

transus (Tβ) has been measured by differential thermal analysis (using a

Setaram Setsys 16/18) and a value about 991°C has been obtained. The

granule diameter distribution is from 40 to 400μm (Fig. 2B). The average
Table 1 Chemical composition of the ARP (obtained by inductively coupled plasma and
combustion methods)

Element Al V Fe C N O Ti

[%wt.] 6.12 4.06 0.19 0.014 0.003 0.15 base



Fig. 2 (A) SEM micrography, (B) size distribution, and (C) X-ray diffraction of the
TA6V powder.
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ex-β-grain size could only be determined on the granules above 100μm of

diameter and is about 55μm. X-ray diffraction (using a BRUKER D8

ADVANCE) and OM (using a NIKON Eclipse MA200) reveal that

the microstructure of the ARP is martensitic, due to high speed cooling

during PREP (Fig. 2C).

2.2.2 Spark plasma sintering (SPS)
A Dr. Sinter 2080 unit (from SPS Syntex Inc., Japan) of the Plateforme

Nationale de Frittage Flash located at Universit�e Toulouse III Paul Sabatier,
Toulouse, France was used to densify the samples. The powder was intro-

duced into an NNS die made of WC-Co (6.5%wt) and specific punches

in graphite were used (Fig. 1). This system produces a ready-to-test sample.

For easy removal, a graphitic sheet was placed between each punch and the

powder, and a graphitic spray was used between the die and the powder. Sin-

tering was performed in vacuum (residual cell pressure <10Pa). A thermo-

couple, inserted in a hole, 3mm in depth, at the surface of the die, was used to

monitor the temperature up to the set point.

The sintering cycle is described as follows: a precompaction was com-

pleted at room temperature at about 25MPa and released, to have the same
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initial green compaction of the powder for all samples. Heating rates of

50°C/min from room temperature to 500°C, then 25°C/min up to the

dwell temperature of 800°C, were used. This temperature had been cho-

sen because temperature gradients are present in the sintering system

[15,18–21]. In fact, previous work revealed that this temperature leads

to a temperature close to Tβ in the gauge length of the future sample dur-

ing sintering [25]. As the aim of this work was to evaluate the repeatabil-

ity, this temperature field was particularly interesting. The dwell time was

20min. This time had been chosen to characterize the system at thermal-

stability conditions. A pressure of 100MPa was applied within the first

minute at the dwell and maintained during it. Both pressure and temper-

ature were released suddenly at the end of the dwell (the load within

1min; the temperature within 30min by free cooling). The vacuum

was maintained during natural cooling until 300°C. The stack (die con-

taining the sample and punches) was then removed from the SPS unit and

air-cooled.

In order to remove the potential surface pollution due to graphite spray

from the samples and to improve the roughness, 400μm was removed

from top, bottom, and lateral surfaces of the gauge length by resurfacing

(this is done after the thermal treatment applied for five samples). A scheme

of the as-ready-to-test samples is presented in Fig. 1. Twelve samples were

prepared with the same conditions and named in the following NNS01 to

NNS12, respectively.

The density of all the samples has been determined using Archimedes’

method and the Relative Density (RD) has been calculated taking into

consideration a theoretical value of 4.43g/cm3. The RD values of all the

sintered samples are reported in Table 2.

Electric dissipated power is calculated from tension and intensity data

recorded by the sinter unit to compare temperature reached by the powder

for the same sintering conditions between all the sintering cycles.
2.3 Results and discussion
Sintering parameters of some of the sintered samples are reported in Fig. 3.

Calculated electric dissipated power (EDP) curves are also plotted (in black).

The curve of NNS04 is representative for the samples NNS04 to NNS12.

All the samples have relative densities higher than 99.5%. As the observations

of the microstructures do not reveal any porosity, one can assume that the all

the samples are fully dense.



Table 2 Samples densities and maximum electric dissipated power

Sample NNS01 NNS02 NNS03 NNS04 NNS05 NNS06 NNS07 NNS08 NNS09 NNS10 NNS11 NNS12

RD (�0.5%) 99.6 99.5 99.8 99.7 99.7 99.6 99.6 99.6 99.6 99.7 99.7 99.6

Max.EDP(W) 6180 6860 5730 5760 5690 5800 5560 5410 5690 5730 5600 5500



Fig. 3 Representative sintering cycles for all the samples.
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Maximum EDP reported in Table 2 are very similar for all the samples

(5647�125W) fromNNS03 to NNS12, while for NNS01 andNNS02 the

values are higher (>6100W). Although some peaks are observable on the

NNS03 EDP curve during heating, the maximum EDP is close to the aver-

age value of samples NNS04 to NNS12. This should have no impact on

microstructure.

The microstructures of the gauge lengths of four samples are presented

in Fig. 4. Some differences are also discernable in the two families of sam-

ples. NNS01 has a microstructure where over transus temperature (Tβ)

treated areas (presence of lamellar structure) are observed. As has been

mentioned before, our previous work revealed that, because of the presence

of a temperature gradient, a set point temperature of 800°C in this system

leads to a temperature of the gauge length close to Tβ [15,18–21]. Previous
work revealed that such types of areas exist when the temperature of the

sample has reached around 975°C [26]. NNS02 has a through Tβ processed

microstructure (necklace microstructure) [6] that is observed in all gauge

lengths.

RD andmaximum EDP reported on the graph of all the samples sintered

in this work are detailed in Table 2.
Fig. 4 Microstructures of the NNS specimens observed at Optical Microscopy.
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This leads us to conclude that the temperature in the powder during the

sintering was higher than the temperature of NNS01. Such types of micro-

structure can be explained by the temperature of the sample during the sin-

tering being close to, but higher than, the transus. This high temperature can

be explained by an EDPmax higher than the one of the sample NNS01.

Here, we can assume that EDPmax is a good indicator of the temperature

reached during the sintering, at least comparatively. NNS03 and NNS04

have microstructures composed of equiaxed alpha grains and lamellae from

aged martensite. Microstructures of NNS03 and NNS04 are completely

treated in the α+β field. They are close and are representative of the other

samples (Number>NNS04). Thanks to in-situ temperature measurement,

we can assume that the temperature of the powder is between 920°C and

975°C during the sintering.

Observations of the stack during SPS let us identify the reasons for these

discrepancies on the EDPmax and the obtained microstructures. A nonsym-

metric position of the punch on the up side and the down side of the die led

to difficulties controlling the current in the stack. This is due to different

vertical surfaces between the top punch/die and the bottom punch/die

(Fig. 5). This dissymmetry may induce different local electrical contact resis-

tances [27,28], leading to EDP peaks for NNS01 and NNS02. Vertical

surface differences between top punch/die and bottom punch/die are lower

for NNS03 and the maximum EDP is close to other samples.

The correlation observed between the microstructure and the EDPMax

values seems to indicate this latter parameter is correct to estimate the higher

temperature reached by a sample for the same sintering conditions.
Fig. 5 Cross-section of the SPS Tool: (a) symmetric position of the punches with regard
to the powder/die; (b) asymmetric position of the punches (top one more pushed than
the bottom one inside de die).



Fig. 6 Tensile test curves of sample recorded after thermal treatment.
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Before characterization of tensile properties, five samples are annealed

at 730°C for 2h in order to remove potential residual stress due to plastic

deformation during sintering or cooling. The curves of tensile tests for each

type of specimen are plotted in Fig. 6. Average Young modulus (E), yield

strength at 0.2% (σy) and ultimate tensile strength (UTS) of each type of

specimen are reported in Table 3.

Failure strains are different between the two types of specimen (directly

after SPS and heat treatment). After heat treatment, the strain is improved by

about 2%. This indicates that there is some residual stress in the NNS spec-

imens after the SPS. Nevertheless, no significant softening can be observed.

For each kind of specimen, properties are quite similar, which proves good

repeatability onmechanical properties. Furthermore, discrepancies observed

on microstructures do not have any significant impact on mechanical prop-

erties. Comparison to other processes is not the aim of this work and will be

more detailed in future publications. However, some trends are described.

σy and UTSmeasured in this paper are of the same level or higher than prop-

erties obtained on SPSed samples [7]. Properties are higher than casting and

hot isostatic pressing (HIP) [10,14,29–31] but the failure strain is lower than
HIP (due to slower cooling after HIP). Tensile properties reported in this

paper are of the same level as annealed forged alloy [31,32] and of the same

as the lower level of solution treated forged alloy [31–33] but the properties
of specimen presented in this paper could be improved by solution thermal

treatment after SPS.
Table 3 Tensile properties of all the sintered specimens

Sample type E (GPa) σy (MPa) UTS (MPa) Failure strain

Direct 116�4 949�6 1073�21 9.8 �1.3%

After heat treatment 113�4 970�12 1085�18 11.7 �2.3%
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2.4 Conclusions
NNS specimens have been successfully sintered by SPS. All densities have

been measured above 99.6% and microstructural observations reveal no

porosity. It is then assumed that NNS specimens are completely dense. Ana-

lyses of the sintering parameters and microstructure characterization realized

in this paper reveal that ten specimens out of twelve are identical. The other

two have some differences on sintering cycles and microstructures. Anyway,

reasons that led to these discrepancies are identified (nonsymmetric position-

ing of the punches). Therefore, it has been demonstrated that it is possible to

obtain strictly identic sintering parameters and microstructures. Further-

more, all measured tensile properties are similar. SPS is then a process able

to produce completely dense NNS specimens with very similar microstruc-

tures and tensile properties, at the same level as annealed and solution treated

forged alloy.
3. Multi samples

3.1 Introduction
The SPS process has the potential for the densification of a wide variety of

materials with an interesting capacity to control the microstructure. Thanks

to these benefits, this technology is increasingly used globally for research

field. Unlike its country of origin, the industrialization of this technology

is lagging behind in Europe. One of the main reasons for this is its low pro-

ductivity. Indeed, in most of the published work about the SPS process, the

technology is presented in its classical configuration where only one sample

is produced per cycle. Despite this observation, several solutions exist to rec-

oncile productivity and advanced materials properties. The first approach

consists of minimizing the time duration of each cycle. A reduction of

the cycle duration to a few seconds is possible using a pressure-assisted weld-

ing machine for electrically conductive materials [34] or a process close to

flash sintering [35] performed in the SPS machine [36]. It is also possible

to save significant processing time by an optimization of the manufacturing

steps. For example, fully automated tunnel [37] or rotational-type [38] pro-

duction chains exist to optimize the vacuum, load, and preheating steps [3].

The other approach consists of sintering simultaneously a high number of

samples. As explained in the review of Guillon et al. [4], it is possible to sinter

simultaneously several samples by parallel [39–41], serial, or serial/parallel
multi-parts configurations. This solution is of greater interest considering



Fig. 7 37 samples parallel configuration.
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the short processing time of the SPS (a few minutes) compared to the

other sintering techniques such as conventional sintering or hot pressing

(hours or days).

The possibility to sinter simultaneously a high quantity of samples is stud-

ied in this part of the paper. A first parallel disposition of 37 samples (Fig. 7) is

studied experimentally, and simulated by an FEM electro-thermal-mechan-

ical-microstructural model. Further, a parallel/serial configuration with 111

samples (Fig. 8) has been studied by the simulation approach only, as the col-

umn height of our machine does not allow us to test this configuration exper-

imentally. For both configurations, a temperature difference between the die

center and edge is observed and is responsible for a grain size difference, while

the samples’ densification homogeneity appears to be correct. An optimiza-

tion of the temperature homogeneity performed by simulation and presented

later in this chapter evidences that homogenization of the radial temperature

in the parallel samples configuration is made possible by the introduction of

electric insulating layers in the central samples. For the parallel/serial config-

urations, an external die can be used to homogenize the temperatures.

One of the main problems of the SPS of complex shapes or high dimen-

sion tools is temperature nonhomogeneity. Electro-thermal modeling (ET)



Fig. 8 Serial parallel multiple parts configurations with or without intermediate spacer.
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is then of a great interest, as it allows us to predict and find solutions to

correct the thermal gradients [19,42]. For this purpose, more or less complex

Joule heating models are employed [43–47]. The first models were very sim-

ple and point out the high production of heat at the level of the punches

and the main differences in temperature distribution between electrically

insulating and conductive samples [48,49]. More complex ET models

appear today and highlight the great importance of the electrical and thermal

contact resistances (ECR and TCR) in all the column inner interfaces

[19,50–52]. These ECR and TCR depend on many factors, such as the

interface temperature and pressure. They are difficult to determine because

an SPS experiment represents a very large experimental domain of internal

temperature and pressure. For this reason, an increasing number of authors

chose to determine them by in-situ measurements [53,54] or calibration

[21,22,27,55]. In our previous study, we used a calibration methodology

to determine the ECR and TCR of the SPS column based on temperature

measurement with thermocouples placed at different strategic points. The

same approach is used in this work to determine the relevant ECR and

TCR of our configuration.

For the sintering part, the Olevsky’s mechanical-microstructural (MM)

model [56,57] is employed to simulate both the powder densification and

the grain growth. In previous papers, we determined the densification

parameters [58], the behavior of the grain growth [59], and the powder/

die friction [60] of the alumina powder used in this paper.



90 Spark Plasma Sintering: Current Status, New Developments and Challenges
3.2 Materials and SPS densification
All the experiments were performed on the SPS machine (Dr. Sinter 2080,

SPS Syntex Inc., Japan) of the PlateformeNationale CNRS de Frittage Flash

located at the Universit�e Toulouse III-Paul Sabatier in Toulouse. In the par-
allel multiple parts densification of the 37 samples configuration (Fig. 7),

1g of powder (alumina 99.99%, reference TM-DAR, Taimei Chemicals

Co. Ltd) is loaded inside each of the cylindrical holes of 8mm diameter.

The electrodes are in Inconel, the other tools are in 2333 graphite [61].

A graphite foil called “papyex” [62] is introduced at the vicinity of the inter-

face in contact with the powder and two foils are introduced at the

electrode/spacer interfaces. The vertical die face is covered with a graphite

felt [63] and an optic pyrometer is employed for die wall temperature control

(a hole is created in the graphite felt to allow die temperature measurement).

The thermal cycle of the Fig. 7 experiment is a 15min dwell at 600°C to

allow the stabilization of temperature detection (from 575°C), then a

100°C/min temperature ramp up to 1300°C and a 5min dwell is performed.

The pressure cycle is 3MPa for the first 19min and a 1min ramp up to

11MPa; this pressure is maintained for the rest of the cycle. We were very

cautious with the applied pressure for this test because we wanted to avoid

any problems of die failure.

The ECR, TCR calibration test is performed in the configuration

reported in Fig. 9A. This configuration is very close to the parallel 37 samples
Fig. 9 ECR and TCR calibration: (A) experimental geometry and thermocouples
positions (B) experimental/modeled temperatures after calibration.
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configuration of Fig. 7 except there is only one sample. To calibrate the

ECR and TCR with the method describe in [22,27], four K type thermo-

couples are placed in the powder, the die, the punch, and the lower spacer.

A Rogowski coil sensor is employed to measure the RMS current used as

input electric condition for the Joule heating model. The temperature and

pressure cycles need to be in the most useful possible domain for multiple

parts experiments. After the success of our test at 11 MPa, we chose to per-

form our calibration experiment and the simulations at 25MPa (from the

start). The calibration test thermal cycle is a simple 100°C/min temperature

ramp up to 1100°C.
Field-emission-gun scanning electron microscopy (FEG-SEM, JEOL

JSM 6700F) observations on fractured samples were performed at the

TEMSCAN facility, Universit�e Toulouse III Paul-Sabatier.

3.3 Finite element model
The paragraphs below are devoted to the description of the ETMM model

and the materials properties.

3.3.1 The electro-thermal-mechanical-microstructural model
The ETMMmodel is a fully coupled model of a Joule heating part (ET) and

a sintering part (MM). The sintering part includes a grain growth model

coupled with a densification model.

3.3.1.1 The electro-thermal model
The Joule heating model is built up with two main equations: the equation

of electrical charge conservation (1) and the heat Eq. (2).

— : J
!¼— : σ E

!� �
¼— : �σ—Uð Þ¼ 0 (1)

— : �λ—Tð Þ+ ρCp
∂T

∂t
¼ J

!
E
!

(2)

where
J is the current density;

U is the electric potential;

E is the electric field;

T is the absolute temperature and for each of the materials of the device;

λ is the thermal conductivity;

σ is the electric conductivity;

ρ is the density; and

Cp is the calorific capacity.
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Two main thermal limit conditions are employed to model the radiative

flux (3) on the vertical walls and the conducto-convective flux (4) on

boundary limits near the water cooling system.

ϕr ¼ σs:E: T 4
e �T 4

a

� �
(3)

where
ϕr is the radiative heat flux;

σs is the Stefan-Boltzmann’s constant;

Te is the emission surface temperature;

E is the emissivity; and

Ta is the chamber wall temperature.
ϕc ¼ hc: Ti�Twð Þ (4)

where
ϕc is the conducto-convective heat flux;

Ti is the wall surface temperature, Tw the water temperature; and

hc is the conducto-convective coefficient.
The electric and thermal contact resistances present at the different inner

interfaces between the parts obey:

Jc ¼ σc U1�U2ð Þ (5)

�qc ¼ hcr T1�T2ð Þ (6)
where
Jc and �qc are the current density and the heat flux across the contact,

respectively;

Ui and, Ti the electric potential and temperature on each side of the con-

tact interface, respectively,

σc is the electric contact conductance; and
hcr is the thermal contact conductance.
3.3.1.2 The mechanical-microstructural model
Olevsky’s model of sintering is based on a creep power law.

σ Wð Þ¼KWm (7)

where
σ(W) is the equivalent stress;

W is the equivalent strain rate; and

K is the consistency factor.
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FollowingOlevsky’s work [57] and our previous work [58], the temperature

and grain size dependence of K is:

K ¼ G

G0

� �2
1

Am
o

Tmexp
mQ

RT

� �
(8)

where
G is the average grain diameter;

G0 is the initial grain size;

A0 is a constant;

T is the absolute temperature;

R is the gas constant;

m is the strain rate sensibility exponent; and

Q is the power law creep activation energy.
The power law creep equivalent strain rate of porous solids W is:

W ¼ 1ffiffiffiffiffiffiffiffiffiffi
1�θ

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
φ�γ2 +ψ�e2

p
(9)

where φ and ψ are two functions of the porosity θ, the normalized shear mod-
ulus and the normalized bulk modulus, respectively. These functions are [56]:

φ¼ 1�θð Þ2 (10)

ψ ¼ 2

3

1�θð Þ3
θ

(11)

The shrinkage rate �γ and shape rate change �e are invariant of the strain

rate tensor �ε :

�γ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 �ε2xy +�ε2xz +�ε2yz

� �
+
2

3
�ε2x +�ε2y +�ε2z

� �
�2

3
�εx�εy +�εx�εz +�εy�εz
� �r

(12)

�e¼�εx +�εy +�εz (13)

The stress tensor σ for a porous body is then:
σ¼ σ Wð Þ
W

φ�ε + ψ�1

3
φ

� �
�ei

� �
(14)

The mass conservation equation is employed to determine locally the
porosity θ:
�θ

1�θ
¼�εx +�εy +�εz (15)
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The grain growth expression [57] is:
�G ¼ k0

3G2

θc
θc + θ

� �
3
2 exp

�QG

RT

� �
(16)

where

�G is the rain growth rate;

k0 is a constant;

θc is a critical porosity; and
QG is the activation energy of the grain growth.
In a viscous-plastic approach it is possible to describe the powder/die friction

using the expression of the tangential stress (17) determined in a previous

work [60]. However, we chose to neglect this phenomenon because, in

the same work, we discovered that the powder/die friction can be neglected

with an alumina powder and if we use a graphite foil at the interface.

τ¼�μK
1

2

φ
m+1
2

2 1�θð Þð Þm�1
2

Vg

		 		m�1
Vg (17)

where
τ is the friction tangential stress;

μ is the friction coefficient; and

Vg is the relative velocity of the sliding interface.
3.3.2 Materials properties
The ETMM simulation requires many parameters for each of the corre-

sponding physics. All the sintering (MM) parameters of alumina were deter-

mined in our previous study [58] on the same alumina powder. Concerning

the Joule heating part (ET), the material properties of the tools are given in

our previous work [27] and derived from the manufacturer’s measurements

[61–63]. Only the ECR and TCR of all the inner interfaces are missing and

are determined by calibration. The general table of all our ETMM param-

eters is reported in Table 4.
3.4 Results and discussions
3.4.1 Experimental results for the parallel configuration
In order to differentiate each of the 37 samples of the parallel experiment

(Fig. 7), an XY coordinate system is employed (Fig. 10A). All the 37 samples

after demolding are reported in Fig. 10B. The four samples of the X-axis

radius (00, 01, 02, and 03) are characterized to study the differences between



Table 4 ETMM model parameters [27,57,58]

ET properties Inconel Graphite Alumina

Heat capacity Cp

(Jkg�1 K�1)

344+2.50�10�1T 34.27+2.72T�9.60�10�4 T2 850 (1�θ)

Thermal conductivity λ
(Wm�1 K�1)

10.1+1.57�10�2T 123�6.99�10�2T+1.55�10�5 T2 39,500T�1.26 (1�3θ/2)

Electrical resistivity ρe
(Ωm)

9.82�10�7+1.6�10�10T 1.70�10�5�1.87�10�8T

+1.26�10�11 T2�2.44�10�15 T3
8.70�1019T�4.82 (1�3θ/2)�1

Density ρ (kgm�3) 8430 1904�0.01414T 3899 (1�θ)

MM properties Alumina

Creep parameter m 1

Creep parameter A0 (s
�1 KPa�n) 0.873

Creep parameter Q (kJ/mol) 179

Creep parameter G0 (μm) 0.14

Grain growth parameter k0 (m
3/s) 7�10�4

Grain growth parameter θc 0.05

Grain growth parameter QG (kJ/mol) 520



Fig. 10 (A) Samples location and coordinate, (B) sintered samples, (C) the four samples
used for the analysis.

Fig. 11 SEM images of the four samples from the center to the edge of the die at a
magnification of 300� and 5000�.

96 Spark Plasma Sintering: Current Status, New Developments and Challenges
the center and the edge of the die (Fig. 10C). The relative densities are deter-

mined by Archimedes’ method. To determine the average grain size, the

Mendelson [64] method is used from the samples fracture images reported

in Fig. 11. The relative densities and average grain sizes are reported in

Table 5.



Table 5 Relative density and average grain size of the X-axis samples from the center to
the edge

Samples (X axis) 00 01 02 03

Relative density 0.97�0.01 0.989�0.001 0.988�0.001 0.975�0.001

Average grain

size (μm)

6.59�0.05 6.40�0.05 5.85�0.05 3.45�0.05
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The fracture images show dense samples of about 97%, and average grain

size close to 6μm for the sample at the center, and 3.45μm for the edge

sample. This result suggests the presence of a thermal gradient between

the center sample (hot) and the edge (cooler).

This first test in the simplest configuration demonstrates the possibility to

sinter simultaneously a high number of samples with acceptable difference in

microstructure. This is interesting because not all the specifications require-

ments have specific needs on the microstructures. Otherwise, specific

methods are explored by the simulation in Sections 3.4.3 and 3.4.4.
3.4.2 ECR and TCR calibration
Before doing any simulations, the ECR and TCR of the Joule heating

model need to be calibrated. The method described in our previous work

[22,27] use the temperatures measured on different area of the SPS column

to determine the contacts resistances. A simple 8mm inner diameter con-

figuration (Fig. 9A) is employed because the geometry of the contact

interfaces between the die, punches, and sample are the same compared

to the multiple parts configurations (Figs. 7 and 8). We assume that the

ECR and TCR of the one 8mm sample configuration (Fig. 9A) are close

to the multiple 8mm samples configurations (Figs. 7 and 8), at equal tem-

perature and pressure cycle.

The results of the ECR (Ωm2) and TCR (m2K/W) calibration are

reported (Table 6) for each contact. The measured and modeled tempera-

tures after the calibration are reported in Fig. 9B. Only the electrode/spacer

and spacer/spacer contacts are determined from our previous works [65]:

Electrode/spacer:

TCR¼ 1

1:2∗103
(18)

ECR¼ 1

1:2∗107
(19)
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Spacer/spacer:
TCR¼ 1

70∗103
(20)

ECR¼ 1

70∗107
(21)

With Tables 4 and 6 the ETMM model parameters are now totally
determined.
3.4.3 ETMM simulation for the 37 sample parallel configuration
All the simulations cycles are a 100K/min temperature ramp up to 1400°C
and a 5min dwell at 1400°C. The pressure is constant during all the cycles
and of 25MPa. In this part of the study, the complete ETMM simulation of

the parallel configuration in Fig. 7 is performed. The result of the temper-

ature, relative density, and grain size fields are reported Fig. 12. The select

time step for the images (Fig. 12) is 820 s and corresponds to the end of the

temperature ramp. This time step is the most interesting because the physics

parameters inhomogeneity (temperature, densification, and grain size) are

maximum on it (Table 6).

In accordance with the experiment, the ETMM simulation reveals a

temperature gradient between the center (hot) and the edge of the die (cool).

The temperature difference is roughly 100K. This thermal gradient has no

effect on the sample’s relative density, whose differences are of 2% maxi-

mum. However, this thermal gradient causes a radial grain size inhomoge-

neity, as in Fig. 11.

The interesting point is, even if a thermal gradient appears, no significant

differences in relative density are observed. This result can be explained by

the intrinsic nature of the parallel configurations, where all the samples
Table 6 Calibrated ECR and TCR

Contact Type Values

Spacer/punch TCR (m2K/W) 5∗10�6 + 3∗10�5∗2000�T
T�50

ECR (Ωm2) 5∗10�9∗2000�T
T�100

Punch/die TCR (m2K/W) 80+ 50∗2000�T
T�80

� �
∗2:4∗10�4

ECR (Ωm2) (�1.33∗10�6T+2.5∗10�3)∗2.8∗10�4

Punch/sample TCR (m2K/W) 2:5∗10�5 + 1:5∗10�5∗2000�T
T�50

Sample/die TCR (m2K/W) 8∗10�6 + 4∗10�6∗2000�T
T�80

� �
∗2



Fig. 12 Multiple parts (37 samples parallel) electro-thermal-mechanical-microstructural
simulation at the end of the heating (820s): on the left, the temperature field, in the
middle, the samples relative density field, and on the right, the samples grain size field.
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displacements are imposed to be the same. If the center samples are at a hot-

ter temperature, the densification is control by the cooler sample at the edge

with a slower densification. Then if the temperature and pressure cycle is

enough for the densification of the cooler samples, a total densification of

all the samples is possible, only a grain size difference appears (Fig. 12).
3.4.4 Corrective simulations for the temperature homogenization of the
parallel configuration
If the grain size inhomogeneities observed in both the experiment and the

simulation is a problem, it is possible to find solutions for the temperature

homogenization responsible for the grain size inhomogeneities. The solu-

tions explored consists to prevent the electric current passage through the

center of the die where the temperature is too high. Electric insulations

are placed at different areas of the SPS column. Three configurations of elec-

tric insulations are studied and reported (Fig. 13) with the corresponding

simulated temperature field at 820 s (end of the temperature ramp) and

1200s (end of cycle).

In corrective configuration 1, two 40mm diameter insulation disk are

placed at 20mm from the punches, between two graphite foils (Fig. 13).

In this configuration, the diminution of the electric current at the center

of the die is not sufficient to counter the thermal gradient of the die at

820 s. In corrective configuration 2, the electric insulations are placed

directly on the seven punches of the center (Fig. 13). The current deviation

is too high in this case and causes a reversal of the temperature gradient with

the center of the die cooler than the edge at 820 s. An intermediate solution

is to decrease the quantity of punches insulated as in corrective configuration

3 (Fig. 13). In this configuration, the thermal gradient is reduced in all the

cycles (820 and 1200s on the right, Fig. 13). For a parallel configuration, it is



Fig. 13 Corrective configurations for the parallel multiple parts configurations: upper
part—positions of different electric insulations (BN spray), lower part—cut plane of
the temperature field for the three above configurations at the end of the heating
(820s) and dwell (1200s).
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then possible to homogenize the temperature by a simple placement of elec-

trical insulator on the central punches.

3.4.5 Corrective simulations for the temperature homogenization
of the parallel/serial configuration
In order to increase the quantity of simultaneously sintered samples even

more, it is necessary to combine the parallel approaches with the series

approaches to create parallel/serial configurations, such as those presented

in Fig. 8, with three levels and a capacity of 111 samples. Two types of stack

are studied: the first case is a simple stacking of the different levels one on the



Heating simulation optimization for serial parallel configuration at (820 s)
Simple stack
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Fig. 14 Optimization simulations of the temperature homogeneity for the serial parallel
multiple parts configurations.
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other (on the left, Fig. 8), the other is a more classic stacking with interme-

diate spacers (on the right, Fig. 8). The use of an external die is also studied.

The first parallel serial/simulation, presented in Fig. 14A, show the main

difficulty of this type of configuration. A strong thermal gradient appears

along the Z-axis with temperature differences of about 200K. This thermal

gradient is the result of a phenomenon of heat accumulation on the central

die. The 37 punches of each of the three dies have the same section and the

same electric current passing through. The heat generated on the punches of

each level is then equal. However, this heat is directly evacuated for the

punches in contact with the spacers, compared to those in the middle level.

The external punches are then at a cooler temperature. To counter this

problem, we must manage to generate a higher quantity of heat in the exter-

nal punches to compensate the heat lose on the spacers. To do this, we

increase gradually the height of the external punches (Hpext), as shown

in Fig. 14A–D. The sample temperature differences are progressively

reduced from 200K to 100K, but it is not enough to attain a total homog-

enization of the temperature. In Fig. 14E, another solution is tested, which

consists of a limitation of the quantity of heat evacuated in the spacer by the

placement of a high TCR. However, this new solution is not enough to

homogenize the temperatures.

The other configuration with intermediate spacer is tested in Fig. 14F

and points out the same problem of thermal gradient along the Z-axis. Even

the addition of a strong TCR in Fig. 14G does not solve the problem.



Simple stack with external die at (820 s)
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Fig. 15 Optimization simulations of the temperature homogeneity for the serial parallel
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The configuration of Fig. 14D is used is Fig. 15A with an external die.

This time, a reversal thermal gradient along the Z-axis appears. This new

result is more interesting than the others, because the external punches

are at a higher temperature. This phenomenon can be explained by the

nonequal quantity of current passing through the external and middle level

punches. Indeed, the totality of the electric current is forced to pass through

the external punches, but in the middle level punches, this quantity of cur-

rent is divided between the middle level punches and the external die.

Temperature homogenization is now possible because the natural ten-

dency of the parallel/serial configuration is to generate a thermal gradient

with cooler external punches, and the external die tends to do the opposite.

The homogenization is then performed modifying the external punch

height (Fig. 15A–C) first, and the last correction consists of adjusting the

external die thickness (Fig. 15C–E).
This new result shows that homogeneous heating is possible for the par-

allel/serial configuration.
3.5 Conclusions
The multiple parts approaches are an interesting way to increase the produc-

tivity of the SPS process. The simple parallel approaches demonstrate the

capacity for the simultaneous densification of a high number of samples.
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The densification is homogeneous and complete even if a thermal gradient

appears between the center and the edge of the die. This phenomenon of

auto-stabilization of the relative density is a consequence of the equal

imposed displacement on each sample for the parallel configuration. How-

ever, even if the thermal gradient is not an obstacle to densification, it creates

a small difference in the samples’ grain size. Different solutions are tested by

the simulations to counter the thermal inhomogeneities for both the parallel

and parallel/serial approaches. For the parallel approach, the solution is to

place different electric insulations on the central punches. For the paral-

lel/serial configuration, a high degree of thermal gradient appeared along

the SPS column. The solution to homogenize the temperatures is to use

an external die that allows control of the quantity of current passing through

the external and middle punches.

This work shows that obtaining a high quantity of dense samples (111)

with homogeneous heating and microstructure is technically possible for the

SPS process.
4. Complex shapes

In the vast majority of publications and patents where SPS technique is used

for the densification of materials, the parts elaborated have simple planar

geometries (i.e., cylindrical or squared shapes, pellets, and/or parts), or none

planar but with a homogenous height, in the globality of the part, along the

compression direction. The elaboration of complex-shaped specimens with

homogeneous density and controlled microstructure is extremely difficult,

due to inhomogeneities that can be induced by large temperature and pres-

sure gradients in the specimens. More or less complex-shaped samples have

been developed using a strategy of modified design of the punches. For

example, E. Olevsky et al., using one or two complex shape punches, have

developed complex shaped alumina specimens, but with nonuniform distri-

bution of grain size [66]. Voisin et al. were able to develop a γ-TiAl turbine
blade using multiple punches inside the die [67]. Even though the micro-

structure of the product seems to be homogeneous and the carbide pollution

limited to the extreme surface of the part, it seems illusory that parts can be

mass-produced with this strategy.

To overcome those situations, Maniere et al. have developed two

strategies: (i) a sacrificial material [68] or (ii) the concept of an assembly

of porous counter-parts, which define an extended opposite shape of the

desired product, covered by a second material acting as a separation interface.



Fig. 16 Complex shapes part elaborated in one single SPS cycle.
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The powder of the desired material is thus introduced in the extended cavity

defined by the assembly of counter-parts [69,70]. Thus, during the sintering

cycle, the part reaches its full density, while the surrounding media compacts

not necessarily to full density. After the SPS step, the part can be easily

extracted to the surrounding media (densified or not) due to the presence

of the separation interface (Fig. 16).
5. Conclusions

Three main conclusions can be drawn from this chapter.

The first one is that the SPS technology has proven to be perfectly repeat-

able. Pseudo-complex forms, such as “dog bones” made of titanium alloy

(Ti-6Al-4V), were densified near to beta transus temperature (Tβ). Themicro-

structure of this material, evolving very rapidly in the vicinity of Tβ, is a very

goodmarker of possible thermal gradients seen by the samples.When the tools

havebeen carefully prepared (i.e., the symmetryof the system is respected), per-

fectly dense (RD>99%) and reproducible samples have been obtained with

mechanical properties comparable to or better than the forged material.

The second point is that the productivity of SPS, a current limit to its

industrial development, can be easily increased by densifying in parallel

and/or series of materials in multi-samples tools. To do this, it is shown that

the finite element modeling of the SPS process is an indispensable tool to

better manage the distribution of the current (i.e., temperature) passing

through the tools in order to obtain homogeneous samples in density and

microstructure, relative to each other.

In the last part of this chapter it is unambiguously shown that the major

lock of the SPS concerning the elaboration of complex shapes is now per-

fectly lifted. Indeed, completely dense materials of complex shapes, such as

turbine blades, or very complex, such as compressors, can be obtained with

SPS cycles well below 1h thanks to the patented technology of the mobile

interface.
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