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Abstract 

Spark plasma sintering has been used for decades in order to consolidate a wide variety of materials 

and permitting to obtain fully dense specimens. This technique has been mainly applied to ceramics. 

This paper concentrates on an unusual use of spark plasma sintering system: obtaining innovative 

materials especially architectured ones. Different applications are presented. Firstly, the SPS 

technique has been used to elaborate nanometers grain size materials or containing nanoscale 

microstructure. This is possible since the sintering temperature and the holding time are far lower in 

the SPS compared to other techniques. Then SPS has been used to realize diffusion bonding. In that 

case again, bonding can be realized at low temperature and for short time. It permits for example to 

realize bonding between two copper layers which is of a great importance for microelectronic 

applications. It is worth noting that this bonding can have the same mechanical strength as pure 

copper even for diffusion time of a few minutes. Secondly, bonding has been also carried out 

between a metallic layer and a ceramic one. This could lead to design of new layered materials 

combining interesting properties in terms of mechanical strength but also in terms of electrical 

resistance. The SPS machine has also been used to obtain porous materials (cobalt alloys or copper) 

with an adapted microstructure (porosity, tortuosity,). These structures could open new perspectives 

for biomedical or for microelectronic applications. All these examples lead to a better understanding 

of the physical processes which happen during spark plasma sintering. 

Introduction 

Spark plasma sintering is sintering method known from the 50’s using DC current in order to heat 

the sample by joule effect instead of conventional heating method as radiation furnace. It has been 

shown that using SPS leads to a decrease in the sintering time and temperature compared to other 

techniques such as HIP or loose sintering [1]. It has been firstly thought that this change of the 

sintering parameters was due to the presence of plasma between particles permitting not only a 

cleaning of the surface of the powders but also accelerating the diffusion process between particles. 

This explanation was questioned especially in the case of non conductive materials such like 

ceramics. Anyway, recent papers demonstrated the absence of such plasma between particles [2]. 

But the accelerating sintering (lower sintering temperature and lower sintering time) is definitely 
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observed and no other clear explanation has been proposed. This fast sintering process has been 

then extensively used from years to sinter nanopowders because it permits to avoid extensive grain 

growing and thus improve mechanical properties or physical properties such as optical transparency 

[3]. Moreover it also offers the possibility to sinter refractory materials such like metals which are 

considered as hardly obtainable by others means [4]. Anyway, this technique has been mainly used 

to obtain fully dense materials from powders trying to tailor the resultant microstructure. It’s 

interesting to note that this technique originally developed for metallic materials has been in the 

following mainly used on ceramics.  

For long times, the materials have been divided into two distinct categories according to their final 

use: the structural materials and the functional ones. The first ones are assuring the mechanical 

strength of the structure when the second one are used in order to get a special function such as 

electrical or thermal conductivity, bio functionalization, etc… However, for years now, efforts have 

been put to obtain materials that can assure these two functions in order firstly to reduce the costs 

(for example having at the same time structural and insulation function as the building materials), 

secondly to reduce the size of the parts (such like in heat exchanger) or to be able to obtain even 

better properties than the sum of several materials. This has led to the architectured materials where 

the material(s) are chosen accordingly to the use but also the arrangement of them (morphology of 

the phases, geometry, etc..). There are different ways to obtain architectured materials: it can be 

done by in an endogenous way (for example, solidification of a eutectic [5]) or in an exogenous way 

using smart elaboration paths. This paper is dedicated mainly to the second route where the spark 

plasma sintering system is used to specifically designing parts that could assure at least two 

functions, one is obtaining good mechanical strength (or at least sufficient one for the use) and a 

second one which would be functional. Different examples are presented. Firstly the paper presents 

the possibility with the SPS system to obtain materials where the microstructure can be tailored. 

Then real architectured materials are presented by the possibility to assembly materials or by 

controlling the sintering to get porous materials. The first study shows the possibility to obtain 

nanostructured materials when the grain size can be tailored such as to assure the mechanical 

properties desired. Then we will focus on the possibility to realize very efficient diffusion bonding 

that are quite interesting for microelectronic applications. This has been done on two parts of the 

same materials as well as on two different materials to get good electrical properties. At last, the 

SPS has been used to obtain porous materials having interesting properties even for heat exchange 

or for bio application. 

Experimental procedure 

The SPS used is a FCT HPD 25. In each experiment, the pieces or the powders are introduced in a 

carbon die of 20 mm inner diameter. SPS process is a pressure assisted, pulsed current, sintering 

using ON–OFF direct current (DC) pulse energizing. The experiments were performed in vacuum 

(10
-2

 Torr) with temperatures ranging from 200 to 1850°C. The uniaxial force was varied from 5kN 

to 24kN (corresponding to 16 to 76 MPa on the sample respectively) and maintained during the 

cooling down to room temperature. The temperature was measured on the surface of the graphite 

die using a thermocouple. The heating rate was varied as well as the holding time according to the 

type of experiment.   

Results 



Elaboration of nanomaterials or containing nanometer reinforcements. This part is firstly 

dedicated to elaboration of pure iron with a nanometer grain size. In that case, the starting powder is 

constituted by pure iron (99,99%) nanopowders of about 100nm diameter obtained by 

electroexplosion and stabilized in hexane. The thermal cycle used consists in a heating rate of 

700°C/min to the desired temperature. The sintering temperature is varied from 550°C to 850°C and 

the sintering time is from 1 to 5 minutes. The applied pressure is 80MPa. The challenge here is to 

produce fully dense sample with nanometer grain size. Fig. 1 presents the final densities obtained 

with these parameters (sintering time of 1 minute) as well as the resultant hardness measurements. It 

is worth noticing that the relative densities are very high for such a rapid treatment and one sample 

has attained a relative density of 100% when the solvent is evaporated directly in the graphite mold 

of the SPS machine. Moreover the hardness measurements exhibited by the samples are very high 

for a pure iron. Looking at the microstructure by TEM on the sample sintered at 700°C (Fig. 2) 

indicates that the grain size has increased a little leading to an average grain size of 250nm. Using 

the Hall and Petch relationship with the parameters used for low carbon steel, this gran size is in 

agreement with the hardness measured. 
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Figure 1: relative density and hardness as a function of the sintering temperature for a sintering 

time of 1 minute 

 

Figure 2: TEM picture of the sample sintered at 700°C for 5 minutes 
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In that case, the SPS permits to obtain fully dense sample with different grain size resulting in 

different mechanical strength. The higher the sintering temperature the larger the grains and thus the 

lower the mechanical strength. It is thus possible to tailor a nanometer grain size material according 

to the mechanical properties desired. 

This technique has also been used to sinter steels strengthened by dispersion of yttria nanooxydes. 

These steels are known as ODS ferritic steels and are good candidates for generation IV nuclear 

plants. The main problem for their use is the elaboration process which consists in a lot of steps and 

leads to a non homogeneous dispersion of the oxydes. Thus SPS has been used to get rid of these 

drawbacks. The parameters used are a sintering temperature between 850°C and 1050°C, a sintering 

time of 5 minutes and a pressure applied of 80MPa. Then the maximal final density attained is 98% 

which is a satisfactory one since a hot forging process is used afterwards. Moreover a fine 

precipitation of Yttria oxide is observed in sample right after sintering. 

In these cases, the SPS technique has been used to obtain materials with nanometer grain size or 

with nanometers particles. It has been shown that the microstructure can be tailored according to the 

desired mechanical properties and that this technique permits to obtain materials difficult to obtain 

by others ways. 

Diffusion bonding. As the spark plasma sintering system permits to decrease the time and the 

temperature of sintering, it can be thought that the diffusion processes are accelerating in such a 

technique. Thus the SPS can be a potential system to carry out diffusion bonding. The aim of our 

study was to explore the possibility of realizing diffusion bonding at low temperature. In effect in 

the microelectronic applications a lot of links must be created for example between Si chips and 

heat exchanger parts. In that case, brazing or welding is usually used but it leads to fracture problem 

when thermal cycling is applied. That’s why diffusion bonding is a promising way to link two parts 

avoiding the brazing process and thus the introduction of an other material with different electrical 

and thermal properties. For this aim, two copper rod of 29mm diameter and 25 mm length have 

been put into contact in the SPS after polishing the contact surface. Then the SPS has been used to 

make the bonding at temperature between 200°C and 300°C for time varying from 5 to 20 minutes. 

The heating rate was set to 100°C/min and applied pressure was in the range 16MPa to 76 MPa. 

Then a tensile sample is machined as shown in Fig 3. 

  

 

 

 

 

 

 

 

 

Figure 3: Dimensions of the tensile sample 
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Figure 4 shows a typical stress/strain curve obtained. 

 

Figure 4: typical stress/strain curve obtained on copper bounded sample 

As it can be seen on fig. 4, the sample exhibits a typical behavior for copper with a high ductility a 

maximal strength of about 250MPa. This leads to the conclusion that the sample has been 

successfully bonded and that the resultant mechanical properties are close to the pure copper one. 

This is very interesting since experiments have already been carried out in the literature with usual 

heating device but the maximal stresses obtained were far from that even for very long time [6]. The 

maximal stresses obtained are from 120MPa to more than 300Pa depending of the bonding 

parameters used. Moreover, Figure 5 shows the typical fracture surface exhibiting a lot of dimples 

characteristics of a very ductile fracture. 

 

 

 

 

 

 

 

 

 

 

Figure 5:  Fracture surface of bonding copper sample 

Thus the possibility first to sinter materials and secondly to bond efficiently two materials has been 

clearly demonstrated. Thus, these two possibilities have been coupled. Molybdenum powder has 

been sinter at 1850°C during 30 minutes and at the same time bonded to a ceramic substrate. Figure 
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6 shows the interface between the results of such an experiment where molybdenum powders has 

been sintered on each face of the substrate. 

 

Figure 6 : optical micrograph of the bi material elaborated. The dark is the ceramic substrate, grey 

is molybdenum and white part is molybdenum carbide. 

In that case, molybdenum carbide is formed at the surface of the molybdenum due to carbon 

diffusion from the piston. But as it can be seen in Fig. 6, the interface between the Mo and the 

substrate is free from defect. 4 points bending tests will be realized to mechanically characterize the 

strength of the interface. 

Functionally graded materials. The diffusion of carbon observed in the last case, has been used 

for obtaining a graded material namely steel. A steel powder has been sintered at 1025°C during 5 

minutes and then rapidly cooled. The concentration in alloying elements is then sufficient to form 

only martensite in the steel. Then microhardness measurements along the height of the sample have 

been realized to look at the mechanical properties of the steel produced. Fig. 7 presents the hardness 

profile obtained in this case. 

 

Figure 7: Hardness profile as a function of the height 

As it can be seen in Fig.7, the use of the Spark Plasma sintering seems to lead to a gradient in 

carbon concentration. Firstly, it is clear that the diffusion distances are not in agreement with the 

usual diffusion distances of carbon in steels. Secondly, the gradient seems to be non-symmetric. It 

could come from the current flow that could enhance the diffusion in one direction. Others 

experiments are now in progress to understand what happen in this case. In any case, this possibility 
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to obtain functionally graded materials very rapidly compared to other processes by enhanced 

diffusion, would be of a major interest not only for studying phase transformations but also for 

structural of functional application where the surface of a part must have different properties from 

the heart. 

Elaboration of porous materials. Porous materials are getting more and more interest for years 

since they could permit to have good mechanical properties and to gain weight for example. Thus 

metallic foams have been elaborated for structural applications. Another domain is the heat 

exchanger where good mechanical properties and possibility to have a flux of liquid inside a 

material are both needed at the same time. At last, for biomedical applications, porous materials are 

more and more used to enhance the response of human cells in order to colonize the implants. As 

we demonstrate the potentialities of the SPS system to control the process of sintering, it has been 

used to partially sinter metallic materials. In this case, a Co-Cr-Mo powder of about 500µm has 

been used. This alloy is known to have very good mechanical properties and to be biocompatible. It 

has been sintered for different temperatures from 850 to 1050°C for 1 minute under different 

applied pressures (from 0 to 60MPa). Then the porous samples have been characterized by 3D X 

ray tomography. Fig.8 shows the 3D reconstruction of the porous cobalt alloy as well as a 2D slice 

showing the arrangement of the spheres. 

 

Figure 8: 3D reconstruction of a porous Co-Cr-Mo alloys and a slice of the reconstruction  

Thanks to this analysis, it is possible to characterize accurately the influence of the process 

parameters on the arrangement of the powder and thus to optimize the structure for a given 

application. Fig. 9 presents the final density as function of the applied pressure. It is shown that the 

density increases with the pressure as expected. Moreover, the tomography permits to look at the 

distribution of the gaseous phase (void) and of the solid phase according to the sintering parameters. 

It is shown that using these parameters for partial sintering, the increase of the temperature does not 

lead to a change of the size of the solid phase but a small decrease of the size of gaseous phase. That 

means that the sintering process is limited but rearrangement of the particles is taking place. 



 

Figure 9: evolution of the final density as a function of the applied pressure and size of two phases 

as a function of the sintering temperature  

Thus SPS technique can be used to partially sinter material to obtain porous parts that could be very 

interesting when low weight is needed keeping good mechanical properties or for heat exchange or 

bio medical applications. The SPS thanks to the enhancement of the diffusion process permits to 

tailor exactly the structure to get the right size of the pores. 

Summary 

SPS technique has been demonstrated to have a high potential to product materials according to the 

application. Firstly it has been shown that it permit to sinter nanopowders very rapidly to keep the 

initial structure and also to obtain very good diffusion bonding. Thanks to that multilayer materials 

have been obtained that could have great interest for microelectronic applications. Then 

functionally graded materials (steel with a carbon gradient) have been produced. At last porous 

material with a porosity that can be tailored as a function of the applications needs can also be 

obtained. As a conclusion, SPS process is very promising technique to get architectured materials 

thanks to it fast and controlled thermal cycle. 
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