
  

 

Abstract—This article presents a review on hybrid spark 

plasma sintering technology (HSPS) of engineering materials. 

Hybrid sintering is a recently developed method used in 

fabricating materials, which provides a superior heating within 

and across the regime of the material. It integrates the heating 

system of spark plasma sintering with an additional resistance 

or induction heating in order to manufacture materials that 

require larger size or diameter. Materials obtained through this 

technique are highly dense due to rapid heating rate which 

ensues in a very short sintering cycle. Hybrid sintering 

eliminates thermal gradient that is noticeable in other sintering 

techniques. Fabricated materials from HSPS are utilized in 

aerospace, automobile and chemical industries and they tend to 

yield improved mechanical properties. 

 
Index Terms—Hybrid spark plasma sintering, mechanical 

properties, phases, microstructures, materials. 

 

I. INTRODUCTION 

There is a great focus on the development of engineering 

materials for emerging technologies. These emerging 

technologies span from mining, aerospace, automobile and 

petrochemical industries, etc. Most of the engineering 

materials are immensely used in several applications due to 

their thermo-mechanical properties [1]. Powder metallurgy 

process has been utilized to fabricate these materials, as a re 

sult of its low cost, good surface finish, increase in material 

yield and variation of composition [2].  

 Several fabrication techniques include hot pressing (HP), 

microwave sintering and spark plasma sintering (SPS) have 

been reported in the literature to manufacture materials into 

near net shape [3]. The utilization of conventional sintering 

(HP) in fabricating materials result in grain growth due to the 

long sintering cycle and high temperature involved [4]. Also 

there is a temperature gradient from the edge or surface to the 

core or inside of the material which affect the mechanical 

properties of the material [5].  

In a bit to minimize grain growth and further improve the 

properties of materials during fabrication, SPS has proven to 

possess a great advantage as compared to conventional 

sintering [6], [7]. The reason is not far-fetched due to the  

utilization of pulsed direct current and pressure to cause a 
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fast densification of materials [8]. SPS which is also known as 

field assisted sintering technology (FAST) sinters at lower 

temperature and consolidates material at a faster rate because 

of its shorter dwelling time [9]. However, it has been reported 

to be prone to uneven heat distribution within and across the 

regime of a large diameter- material thereby resulting to 

temperature gradient from the core to the edge of the material 

[10]. The desired phases, microstructures and properties of 

the manufactured material could be compromised. 

The quest to fabricate larger materials with homogeneous 

heat distribution has ushered to the recently developed hybrid 

spark plasma sintering (Hybrid Sintering) which offers a 

better heating as compared to other sintering techniques. 

Hybrid sintering is the combination of the spark plasma 

sintering with an additional resistance or inductive heating 

[11]. This technology supplies a rapid heating rate which 

enables densification of the metallic powder into fabricated 

shape at a quicker dwelling time, thereby removing 

temperature gradient seen in SPS [10]. The combined 

technology (SPS + additional resistance element (HP) 

provide a homogeneous heat distribution within and across 

the material during sintering. Hybrid sintering can be utilized 

in fabricating different class of materials which include 

titanium alloys, nickel alloys, ceramics, and other composites 

etc. The goal of this work is to present the hybrid spark 

plasma sintering method and review data reported on 

engineering materials.  

  

II. OVERVIEW OF SINTERING 

In powder metallurgy technique, sintering is a process 

which involves heating of metal powder in a protective 

environment below its melting point. It is carried out at 

elevated temperature between 65-85% of the powder‘s 

melting point [12]. Novel sintering methods such as hot 

pressing, hot isostatic pressing, microwave sintering and 

spark plasma sintering have been reported in literature for 

fabricating materials [13]. 

A. Conventional Sintering Techniques 

Conventional sintering techniques are also referred as 

traditional sintering techniques which utilize the application 

of pressure and temperature to fabricate materials [14]. The 

fabrication of material through this method results in grain 

growth due to slow heating rate and long sintering cycle. This 

tends to affect the microstructures and mechanical properties 

of the material [2]. Conventional sintering techniques include 

hot isostatic pressing and hot pressing. Hot pressing technique 

utilizes pressure and heat to densify materials with the aid of 

resistance heating. The material or powder is placed in the die 

Olusoji Oluremi Ayodele, Mxolisi Brendon Shongwe, Peter Apata Olubambi, Babatunde Abiodun 

Obadele, and Thabiso Langa 

Hybrid Spark Plasma Sintering of Materials: A Review 

International Journal of Materials, Mechanics and Manufacturing, Vol. 6, No. 6, December 2018

360doi: 10.18178/ijmmm.2018.6.6.407

../Downloads/Capetown%20conference.doc#_ENREF_1
../Downloads/Capetown%20conference.doc#_ENREF_2
../Downloads/Capetown%20conference.doc#_ENREF_3
../Downloads/Capetown%20conference.doc#_ENREF_4
../Downloads/Capetown%20conference.doc#_ENREF_5
../Downloads/Capetown%20conference.doc#_ENREF_6
../Downloads/Capetown%20conference.doc#_ENREF_7
../Downloads/Capetown%20conference.doc#_ENREF_8
../Downloads/Capetown%20conference.doc#_ENREF_9
../Downloads/Capetown%20conference.doc#_ENREF_10
../Downloads/Capetown%20conference.doc#_ENREF_11
../Downloads/Capetown%20conference.doc#_ENREF_10
../Downloads/Capetown%20conference.doc#_ENREF_12
../Downloads/Capetown%20conference.doc#_ENREF_13
../Downloads/Capetown%20conference.doc#_ENREF_14
../Downloads/Capetown%20conference.doc#_ENREF_2


  

and it is heated externally by radiation, while the materials are 

heated by the die through conduction. The techniques result in 

grain coarsening  due to long sintering cycle [15]. 

B. Spark Plasma Sintering (SPS) 

Spark plasma sintering is well known as field assisted 

sintering techniques (FAST) or pulsed electric current 

sintering (PECS). It is a newly adaptable method to 

manufacture a number of materials including titanium, 

ceramics and aluminum based alloys [16].  In this technique 

material are charged in a graphite die, and a uniaxial force is 

exerted during sintering. The heating is accomplished by 

spark discharges in voids between the particles. As a result of 

this discharge, the particle surface is refined and energized, 

and a joule heating is generated between the particles by the 

electric current [17]. The electric current application 

facilitates a fast heating rate ensuing in a very short sintering 

cycle; rapid densification for both conductive and 

nonconductive powder, with this method grain growth is 

minimized [18]. Research has proven spark plasma sintering 

as a better alternative as compared to conventional sintering 

methods [19]. The size of the sample could however be a 

challenge in fabricating samples for industrial application 

which requires much larger samples. Fabricating larger 

sample with spark plasma sintering could result in 

heterogeneous properties within the samples due to poor heat 

distribution as the sample size gets bigger. This indicates a 

radial thermal gradient that results in heterogeneous radial 

microstructure of the material [20]. Fig. 1 indicates the 

fundamentals of the SPS with its operational parts such as 

graphite die and the punches. 

 

 
Fig. 1. Schematic of SPS (courtesy of [21]). 

 

C. Hybrid Spark Plasma Sintering (HSPS) 

The hybrid sintering integrates the heating system of the 

spark plasma sintering (FCT system KCE-FCT H-HP D 25 

system) with an inductive or resistance heating [22]. The 

sintering operation allows the passage of electric current 

through the large material [21] which has a direct impact at 

the core of the material as compared to the edge. This result in 

hot core and a cold edge (surface). However, the cold edge is 

being compensated by utilizing the inductive heating i.e. a 

thermocouple which supplies heat to the edge of the material. 

This provides an even heat distribution from the surface to the 

core of the material, hence better microstructures, phases and 

mechanical properties could be obtained. The hybrid sintering 

eliminates thermal gradient and inhibits the development of 

grain growth. Figure below describes the operations of the 

hybrid spark plasma sintering with the two heating systems. 

 

 
Fig. 2. Schematic representation of hybrid spark plasma sintering (courtesy 

of [18]). 

D. Advantages of Spark Plasma Sintering 

The followings are the advantage of spark plasma sintering 

as compared to conventional sintering technique (hot 

pressing): 

 Rapid heating rate 

 Metal powders possess a purified surface 

 Grain growth are minimized 

 It has a uniform sintering 

 It fabricates at lower temperature 

 The operation is simple.  

  

III. SINTERING OPERATIONS 

Blended powders are consolidated using the spark plasma 

sintering (Model HHPD-25, FCT Germany) or Hybrid spark 

plasma techniques (Model HHPD-25, FCT Germany) with 

different inner diameter graphite die. Graphite foil of 0.2mm 

thickness is placed between the punch and the powder, and 

between the die and the powders for easy removal and 

significant reduction of temperature heterogeneity. Also, the 

exterior of the die is covered by porous graphite felt with 

thickness of ~10 mm, which is used as a thermal insulation to 

reduce the radiation loss and possible temperature gradient. 

Metal powders are sintered in vacuum at a temperature, 

pressure, holding time, and heating rate. After sintering, sump 

blasting is performed to remove the graphite on the sintered 

material [20]. 

A. Applications of Hybrid Spark Plasma Sintering 

The hybrid sintering of materials has been studied in the 

literature. Metal and ceramic powders were fabricated in 

different conditions and the effect of parameters on 

mechanical properties was observed. 

B. Tungsten Heavy Alloys 

Hybrid sintering of Tungsten alloys (93W-4.9Ni-2.1Fe) 

was investigated. Tungsten alloys were sintered in the same 

conditions using the spark plasma sintering and hybrid spark 

plasma sintering techniques with diameter 30 mm and 60 mm 

respectively. After sintering, it was observed that the material 

sintered with 30mm (HSPS), 30 mm (SPS) and 60 mm (HSPS) 

had a relative density of ≥ 99.2% close to the theoretical 

density while 60 mm (SPS) had the least density. The 
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microstructure evolution and the hardness of 60 mm alloys 

varied from the edge to the core of the samples. Also, the 

sintered sample with 60 mm-HSPS had a bending strength 0f 

1115 MPa while 60 mm -SPS had 920 MPa strength. HSPS 

samples had better mechanical properties as compared to the 

SPS samples as a result of even heat distribution. This alloys 

find their applications in high temperature such as radiation 

shields, and kinetic energy penetrators environment [20]. The 

figure below indicates the relative densities of various 

samples via different sintering methods. The percentage of the 

relative density of each sample was observed, with 

HSPS-30mm showing greater relative density. 

 

 
Fig. 3. Effect of sintering technique and sample diameter on relative density 

of W-Ni-Fe alloys (Courtesy of [18]). 

 

C. Niobium Based Refractory System 

This shows the study of Nb--Si composites with different 

percentages of Si content ranging from 12—18%. The 

specimen was sintered via hybrid spark plasma sintering and 

hot pressing technique at temperature of 1400 
o
C, and the 

sintered specimen was characterized. The relative density of 

sintered specimen with 14% Si via hot pressing had the least 

relative density as compared with hybrid specimen. 

Thermal diffusivity of the specimen indicated that the 

sintered composites were two times lower than that of the 

constituting component due to the effect of porosity. However, 

the silicon content added to the composites had effect on the 

thermal conductivity of the composites. Specimen with 18% 

Si content had the least thermal conductivity. There was an 

improvement in the mechanical properties of sintered hybrid 

specimen. Niobium based refractory find its application in the 

aerospace industry especially in high oxidizing environment 

[23]. 

D. Silicon Carbide Ceramic 

Brazing of silicon carbide specimen was carried out 

through hybrid spark plasma sintering at the heating rate of 

100 
o
C/min for 15 min, at the temperature of 1800 

o
C and the 

pressing force of 15 KN in a brazing vacuum. The specimen 

was sectioned into three parts after sintering, the first and the 

third parts were tested for thermal shock while the second part 

was analyzed using the scanning electron microscope. The 

thermal cycling resistance of the brazed structure was 

enhanced by the addition of SiC and B powders to the braze 

(C+Si). This study was utilized in joining the silicon carbide 

ceramic and it is required in high endurance application such 

as car brakes and car clutches[24]. 

E. Nickel Alloys 

Investigations of Ni50% -Fe was carried out using hybrid 

spark plasma sintering and sparks plasma sintering. The 

specimen was sintered in the same condition. It was observed 

that the densification and the grain size increased which 

facilitate necking of grains. Hardness increases from the edge 

to the core of the sintered specimen and the relative density of 

the hybrid specimen was close to the theoretical density. The 

sintering temperatures have a significant effect on the 

microstructures which later improve the mechanical 

properties. Nickel alloys find its application in the aerospace 

industry where high temperature is needed [20].  

F. Hafanium Diboride –Refractory Ceramic 

Hybrid spark plasma sintering of HfB2-SiC composites 

was investigated. The composite was sintered using different 

modes which include SPS, inductive heating and the hybrid 

sintering. It was observed that the sintered composites in SPS 

and inductive heating failed to provide the required quality 

needed with density ≤ 2.4%. Also, a temperature gradient of 

150 
o
C was seen when sintered using inductive method. The 

sintered composite via hybrid sintering technique had an 

improved relative density, and there was no evidence of crack 

or shear when resistance test was carried out. This composite 

is widely used in aircraft vehicles where high temperature and 

oxidizing medium is required [11]. 

 

IV. EFFECT OF OPTIMIZING THE PROCESS PARAMETERS OF 

HYBRID SPARK PLASMA SINTERING  

The process parameters of hybrid spark plasma sintering 

such as temperature, pressure, heating rate and the holding 

time have effect on the sintered material. In a bit to improve 

the mechanical properties of the material, increase in the 

sintering temperature will have a positive effect on the 

particle atomic bonding that causes rapid densification and 

invariably the hardness of the sintered materials increases. 

However, holding time, pressure and the heating rate can 

improve the phases, microstructures and the mechanical 

properties of the sintered material [13]. 

 

V. HYBRID SINTERING OF NANOMATERIALS  

Nanomaterials are considered as constituents with 

nanoscale dimensions usually between 1-100nm and they tend 

to possess better thermo-mechanical properties [25]. 

Fabricating nanomaterial has been a challenge due to the 

difficulties controlling grain growth during sintering. 

Consequently, the use of conventional sintering technique of 

consolidating powder often result in grain growth due to long 

sintering cycle involved [2]. Nevertheless, grain growth can 

be minimized through careful control of the sintering 

temperature and time in order to avoid the deterioration of the 

mechanical properties of the material [14]. However, 

temperature distribution within and across the material can 

determine the uniform microstructure and properties of the 

material. Sintered nanomaterial with either cold center or 

edge due to uneven temperature distribution can affect the 

uniform microstructure and properties of the material. It is 

imperative to attain a uniform microstructure and properties 
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across the regime of bulk materials during the fabrication of 

materials into near -net shape by utilizing the techniques with 

a faster heating rate. 

 

VI. TEMPERATURE DISTRIBUTION IN SINTERING PROCESS 

Temperature distribution within and across the regime of a 

material during sintering operations has played roles in 

affecting the properties of the materials [26]. However, this 

has been evaluated using the finite element method. Finite 

element method is a numerical model used to understand the 

heat transfer within an object. In order to simulate during 

fabrication process, the sets of data are required as control; 

sintering temperature of the mold and the sample, the pressing 

force, holding time and time of force application. The data 

needed for the finite element modeling are entered in the 

central processing unit during sintering and the outcomes are 

compared with the experimental data [22].In the hybrid 

heating or sintering, the temperature distribution within the 

material is quite different from other sintering techniques 

because of the rapid heating rate. Fig. 4 denotes a material 

under the influence of homogeneous heat distribution with 

similar core and edge and same temperature is being 

maintained in the material. The product obtained from the 

material could possess high hardness and fine microstructures. 

Also, Fig. 5 denote a material under the influence of 

heterogeneous heat distribution with cold core and hot edge. 
 

 
Fig. 4. Representation of hybrid SPS (courtesy of [27]). 

 

 
Fig. 5. Representation of hot pressing (courtesy of [27]. 

 

VII. CONCLUSION 

In this reviewed report, the techniques of hybrid spark 

plasma sintering of materials was highlighted, its effect on the 

microstructures and properties of materials as well as its 

various applications in industries. Hybrid sintering operations 

proposes to be a rapid sintering method with the combination 

of two heating systems and its processes was compared with 

other sintering processes. The analyzed data indicates that 

fabricated product via hybrid sintering exhibited high relative 

density, improved hardness and microstructures as compared 

to other sintering techniques. Better mechanical properties 

can be easily achieved by hybrid spark plasma sintering. 

Furthermore, there is need to improve on the sintering 

capability of hybrid sintering in order to anticipate the 

evolution of novel materials.          
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