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Abstract: A modification to the conventional spark plasma sintering (SPS) process was undertaken 

to allow edge-free deformation of grains longitudinally to the loading axis in a process termed spark 

plasma texturing (SPT). The resulting Al7075 SPT compact was compared to SPSed Al7075 in terms 

of densification behaviour, microstructural evolution, and mechanical properties. The result 

reported herein highlights the unique benefits of the SPT technique and potential application in the 

manufacturing of advanced materials. 
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1. Introduction 

Numerous techniques have been developed for the densification of metal and ceramic powders 

and the controlled development of their microstructure. Among these methods that involve pressure 

and temperature for powder sintering are Hot Pressing (HP), Hot Isostatic Pressing (HIP), and Spark 

Plasma Sintering (SPS) [1,2]. SPS offers distinct advantages by incorporating electric current during 

sintering, leading to high heating rates due to Joule heating of the conductive dies [3]. The interest in 

SPS as a preferred powder synthesis method has grown, attributed to its rapid heating rates 

(hundreds of °C min-1), lower sintering temperatures, shorter dwell times, capability to fabricate 

nanostructured bulk materials, and the control it provides over processing parameters, influencing 

grain growth and stoichiometry [4,5]. 

A schematic illustrating a typical SPS apparatus is presented in Figure 1. Key controls in the 

process include (a) dc current, (b) heating rate, (c) temperature, and (d) applied pressure [3,4,6]. 

Throughout an SPS sintering cycle, Joule heating from the dc current simultaneously raises the 

temperature of the powder and die, ensuring a swift temperature increase to the required sintering 

temperature [7]. This effectively limits grain growth by internally generating heat [1], in contrast to 

conventional methods relying on external heating by conduction and/or radiation [8]. Mechanical 

pressure is applied to remove pores, further enhancing the densification process [1,4]. Despite the 

numerous advantages of SPS, some researchers have reported issues such as non-uniform densities 

and microstructures [9–11]. Density variations, with the core exhibiting higher density than the outer 

regions, have been observed [12]. Additionally, the microstructure obtained through SPS has been 

likened to that of HP, characterized by typically round-shaped grains [12]. These reported challenges 

are often linked to the characteristics of the mould/dies used during synthesis, which impose 

limitations on plastic deformation [1,12]. 
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Figure 1. Schematic drawing of the spark plasma sintering (SPS) powder consolidation device. 

Spark Plasma Texturing (SPT) is a variation of SPS, introducing the concept of edge-free 

sintering wherein the sample undergoes unrestricted deformation during the pressure stage [1,12]. 

The objective of SPT extends beyond mere densification, aiming to achieve a specific texture or 

alignment of grains within the material [13]. Essentially, SPT represents a two-stage SPS process, with 

modifications to the sintering parameters and die configurations utilized in each stage [1]. In the 

initial phase of SPT, the sample undergoes pre-sintering within a smaller die, employing only half of 

the necessary temperature and pressure required for bulk synthesis. This pre-sintering step results in 

a sample with sufficient mechanical strength. Subsequently, the pre-sintered sample is transferred 

into a larger-diameter die for the second stage, facilitating edge-free deformation during the 

subsequent synthesis to the required temperature and pressure. The utilization of a larger die in the 

second stage of SPS serves multiple purposes, including the elimination of die-wall interaction [12], 

removal of residual pores, and the promotion of grain refinement and deformation [1,13,14]. 

SPT has never been employed in the sintering of metallic powder albeit a few reported studies 

exist for ceramics. This work explores for the first time the sintering of Al7075 aerospace alloy by SPT 

and compares the evolving microstructure and mechanical properties to conventional SPS sintered 

Al7075. It is noteworthy that spark plasma texturing is not hot deformation which has been 

previously explored on recycled material by SPS. 

2. Experimental Procedure 

2.1. Materials and Process Methods 

Commercially available Al7075 powder (Alfa Aesar, -40+325 mesh, 99.8%) was synthesized by 

powder metallurgy SPS and SPT (HP D25 Furnace; FCT Systeme GmbH, Germany) methods. Details 

of the SPS and SPT sintering techniques and parameters are shown schematically in Figure 2. For 

SPS, the Al7075 powder were synthesized using a 20 mm graphite die, pressure 54 MPa (16 kN) and 

temperature 500 °C. For SPT, a two-stage sintering with intermediate sintering parameter and a 
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second stage larger-diameter mould was employed. In the first stage, a hot press was employed with 

sintering pressure 30 MPa and temperature 300 °C in a 20 mm graphite mould. For the second stage, 

the hot pressed pre-sintered compact in stage one was then transferred into a 40 mm graphite die and 

sintered to requisite sintering temperature of 500 °C using a pressure of 54 MPa using SPS. It is 

noteworthy that the hot press was employed in the first stage as the SPS default temperature that can 

be picked up by a pyrometer is 400 °C, which is too close to the requisite sintering temperature 500 

°C. The large-diameter configuration in the second stage is referred to as edge-free SPT. 

Phase analysis of the sintered compacts was performed with a Bruker D2 Phaser X-ray 

diffractometer using CuKα radiation. XRD data were collected over the range 10° ≤ 2𝜃 ≤ 80° with 

a step size of 0.02°. The Archimedes method was employed to measure the bulk density of the 

samples using distilled water as the immersing medium. The mechanical properties (hardness and 

reduced elastic modulus) were evaluated by nanoindentation (Nano Test Vantage, Micro Materials, 

UK) at room temperature in the load control mode, using a Berkovich pyramidal diamond tip at a 

strain rate of 1mm/s and 500 mN. Vickers macrohardness test was further undertaken using Vickers-

Armstrong hardness testing system. Surface morphology of the indented bulk sample was extracted 

directly using an optical profiler (Contour Elite X, Bruker) equipped with vision 64® analysis 

software. Microstructural and morphological characterization of the sintered samples polished 

surface were undertaken using optical microscopy (Leica Microsystems CMS, GmbH). Samples were 

etched in a 5wt.% NaOH solution at 80 C for a minute, followed by a thorough rinse in deionized 

water. Subsequently, then were immersed in a 70 vol.% HNO3 solution for 30 seconds and again 

rinsed in deionized water. 

 

Figure 2. Schematic representation of SPS AND SPT process. In SPT the sample is radially deformed 

resulting in edge-free sintering. 
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3. Results 

3.1. Temperature-Time-Pressure-Punch Displacement Curve 

The sintering profile recorded for the samples during SPS and SPT synthesis is shown in Figure 

3. It is noteworthy that punch displacement also known as piston movement is recorded as the 

difference between shrinkage and thermal expansion during synthesis. Comparing the sintering 

profiles, for SPS the total piston movement was ~ 4.6 mm, sintering speed ~ 8 mm/s, and sintering 

time ~ 1000 s. Whilst for SPT, the total piston movement was ~ 7 mm, sintering speed ~ 6 mm/s, and 

sintering time ~ 1500 s. 

 

Figure 3. Sintering profile during powder metallurgy SPS and SPT of Al7075 alloy powder. Profile 

presents sample temperature, pressure, and piston displacement as a function of time. 

3.2. Powder Morphology and Optical Images of the Sintered Compacts 

Figure 4 shows the morphology of the starting Al7075 alloy powder used in the bulk synthesis 

by SPS and SPT. The optical images of the resulting bulk SPS, hot pressed pellet, and bulk SPT 

samples following synthesis are presented in Figure 5 and Figure 6.  
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Figure 4. Morphology of aluminium alloy (Al7075) starting powder for synthesis by SPS and SPT. 

 

Figure 5. Optical images of the sintered sample by SPS and the pre-sintered pellet by hot pressing. 

The inset reveals the thickness of the sintered compacts. 
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Figure 6. Optical images of the sintered sample by SPT from the pre-sintered hot-pressed pellet. Inset 

reveals the eventual sample thickness following SPT. Note the section is a small piece from a larger 

section. 

3.3. Density Measurement and X-ray Diffraction  

The relative densities following Archimedes method (taken into account the theoretic density of 

Al7075 is 2.81 g/cm3) for the SPS, hot press, and SPT compact are 95%, 81%, and 99%, respectively.  

The X-ray diffraction patterns of Al7075 synthesized by SPS and SPT are presented in Figure 7. As 

shown in Figure 7, there are no observable differences in diffraction pattern in relation to in phase 

formation and intensities, suggesting the absence of crystallographic orientation. 

 

Figure 7. X-ray diffraction patterns of bulk aluminium alloy (Al7075) synthesised by SPS and SPT. 

The patterns are consistent to those indexed and reported elsewhere with no preferred 

crystallographic orientations [15,16]. 

3.4. Optical Micrographs of the Sintered Compact 

Figure 8 presents the unetched microstructure of the SPSed compact whilst Figure 9 is a low-

magnification (20 x) optical microstructure of the etched metallographic Al7075 alloy fabricated by 

SPS and SPT. Nearly equiaxed shape grains (Figure 9(a)) was obtained by SPS, indicating grain 

growth in the pressing direction during synthesis. Whilst the grains (Figure 9(b)) are elongated 
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longitudinally as well as perpendicular to the loading direction by SPT. In general, the microstructure 

obtained by both SPS AND SPT is heterogeneous due to the simultaneous presence of very large and 

fine grains. The observed heterogeneous microstructure is in good agreement with observations 

reported elsewhere [17].    

 

Figure 8. Optical micrographs showing revealing the heterogenous equiaxed grain structure of the 

unetched SPSed Al7075. Note the microstructure of the SPTed compact was not visible optically in 

the unetched state. 

 

Figure 9. Low-magnification (20x) optical micrographs showing; (a) equiaxed microstructure of 

Al7075 synthesized by SPS and (b) elongated microstructure of Al7075 synthesized by SPT. 
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3.5. Mechanical and Surface Properties 

The loading-unloading curves acquired for the SPSed and SPTed Al7075 compacts are shown in 

Figure 10. The loading curve for the SPS AND SPT are quite similar except for the unloading curve 

wherein the elastic recovery is slightly different. Macro hardness was also undertaken to get an 

insight of the overall bulk hardness and not just grain-scale nanohardness. The extracted 

nanomechanical properties, that is, nanohardness and reduced modulus as well as Vickers 

macrohardness are summarized in Table 1. The extracted 3D surface profile around the indent from 

the SPSed and SPTed compact is presented in Figure 11. 

 

Figure 10. Nanoindentation curves obtained in Al7075 alloy consolidated by SPS and SPT. 

Table 1. Nano and Macro Hardness Data Extracted for SPSed and SPTed Al7075 Compact. 

Properties SPS SPT 

Nano Hardness GPa 1.36 ± 0.02 1.27 ± 1.95 

Reduced Modulus GPa 117.61 ± 3.54 107.35 ± 1.951 

Macro Hardness HV30 134 ± 1.412 142 ± 2.604 

Surface Roughness µm 0.11 µm 0.08 µm 
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Figure 11. 3D optical interferometry showing the topographical surface feature around the indent for 

the SPSed and SPTed Al7075 alloy. Note the pile-up around the indent for the SPSed compact. 

4. Discussion 

Upon the application of external pressure to a powder compact in a mould, there would be 

particle rearrangement and breaking of powder agglomerates as recorded by the piston movement 

within the first 500 secs for the SPSed and SPTed sintering profile. This is then followed by necking 

– closing of pores between powder particle – and subsequent plastic deformation of the 

interconnecting powder particles leading to densification. For the SPSed compact, the initial particle 

rearrangement – marked by piston movement – was reached at about ~250 secs and the total piston 

movement during the plastic deformation stage was about ~4.25 mm. Whilst for the SPTed compact, 

the initial particle rearrangement, – marked by piston movement –  was reached at about ~500 secs 

and the total piston movement during the plastic deformation stage was about ~7 mm. the sintering 

cycle for the SPSed compact took about ~1000 secs whilst the SPTed compact took ~1500 secs. The 

differences in the extent of piston movement at various stages of the sintering cycle is due to the 

absence of lateral constraint imposed by the walls of the mould during SPT. As such, this allowed the 

SPTed compact to deform in the radial direction as compared to the SPSed compact which does not 

undergo radial deformation due to restriction imposed by the walls of the mould. The influence of 

edge-free deformation observed during SPT in this work is consistent with observations already 

reported elsewhere [1,12]. The difference in the extent of densification is linked to complete removal 

of pores and agglomerates due edge-free deformation during SPT which allowed for extended 
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deformation. The extended deformation during the sintering cycle implies that grain growth is 

impeded as well as ensuring the growth of elongated grains longitudinally during SPT.  

The result of the nanohardness test showed slight differences in hardness and reduced modulus 

for the SPSed and SPTed compact albeit the absence of crystallographic orientation as confirmed by 

XRD. The observed differenced may be linked to differences in the size of the grain in the bulk for 

the SPSed and SPTed compact. As nanoindentation data is extracted at grain scale, according to Bo 

et al.[18]  when the indent size is smaller than the grain size, the hardness increases. On the other 

hand, the hardness decreases when the indent size is larger than the grain size as the surrounding 

grains will also deform. 3D surface profile revealed extensive elastic recovery around the indent in 

the SPSed sample with no recovery observed for the SPTed sample. The observed elastic recovery in 

the SPSed compact in contrast to SPT may be linked to microstructural changes induced by the 

manufacturing processes as the alignment of the grains by SPT may allow for less recovery. However, 

the Vickers macrohardness – which encompass multiple grains – was higher for the SPTed Al7075 

sample. This higher macrohardness which is consistent with observation reported elsewhere [17] is 

linked to the fact that elongated grains can hinder the movement of dislocations more effectively. The 

longer grain boundaries stemming from grain elongation provide more barriers for dislocations, 

making it more difficult for them to move freely. 

The result obtained in this work clearly shows that spark plasma texturing (SPT) allows fully 

dense, fine, and elongated grains to be obtained due to edge-free deformation, resulting in a good 

balance of hardness and ductility. This approach can further be extended to titanium alloys which 

undergoes deformation-assisted phase transformation for enhanced mechanical properties. 

5. Conclusions 

In this work, we report the microstructure and mechanical properties of spark plasma textured 

(SPT) Al7075 for the first time. The main conclusions are as follows: 

• It was found that the microstructure synthesized by SPT process resulted in fine and large 

elongated grain structure. 

• The SPT compact was fully-dense due to complete removal of necking, pores, and agglomerates 

that accompanied the edge-free deformation process. 

• The enhanced macrohardness observed for the SPTed sample is due to the elongated grain 

structure. 

• SPT offers a new, sustainable and inexpensive method for directional metal and ceramic 

processing.  
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