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Abstract. This presentation shows that superplasticity is achieved in hard-to-deform materials 
when they are processed by severe plastic deformation (SPD) through high-pressure sliding (HPS).  
The HPS process is similar to the high-pressure torsion (HPT) process as the straining is made 
under high pressure in highly constrained conditions. It is applicable to a sheet form of samples 
while the HPT process uses disks or rings, and thus it has advantage that the sample size can be 
increased. In addition, when the HPS process is combined with a feeding process, the SPD-
processed area can be further enlarged without increasing the machine capacity, of which process 
is called the incremental feeding HPS (IF-HPS). The HPS process is applied to a Ni-based 
superalloy (Inconel 718), a Ti-6Al-7Nb alloy (F1295) and a Mg-6Al-1Zn alloy (AZ61), and 
superplasticity is well attained in all the hard-to-deform alloys with total elongations more than 
400%. It is also demonstrated that cup forming of the Inconel 718 with practical dimensions is 
realized by application of the IF-HPS process.  
Introduction 
It is well established that the fine-grained structure is an important prerequisite for the advent of 
superplasticity. Severe plastic deformation (SPD) is a useful technique to produce such ultrafine-
grained structures in many metallic materials [1]. In particular, SPD under high pressure such as 
using a process of high-pressure torsion (HPT) is of great importance because grain refinement is 
feasible even in hard-to-deform materials [2]. High-pressure sliding (HPS) [3,4] is also an SPD 
process under high pressure, and it is similar to the HPT process [5] as the straining is made under 
highly constrained conditions [6]. While the HPT process uses disks or rings and the sample size 
is rather limited, the HPS process is applicable to sheets and it has then advantage over the HPT 
process that the sample size can be increased as discussed in recent overview papers [7,8]. 
Furthermore, the HPS process provides a homogeneous development of microstructure throughout 
the sample [4]. However, the microstructure development is rather heterogeneous in the HPT-
processed disk because the strain is introduced in proportion to the distance from the disk center 
so that it is more in the outer areas but is less in the inner area and theoretically zero at the center 
of the disk [6]. It should be noted that, when the HPS process is combined with a sample feeding 
process, the SPD-processed area can be further increased without increasing the machine capacity. 
This combined process, called the incremental feeding HPS (IF-HPS) [9], has been applied to hard-
to-deform metallic materials such as a Ni-based superalloy (Inconel 718) [9,10] and a Ti-6Al-7Nb 
alloy (F1295) [10] including conventional Al alloys [11].  

This presentation first gives a brief introduction of the HPS process and the IF-HPS process, 
and thus it is shown that superplastic elongation more than 400% is well attained in the former two 
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hard-to-deform alloys. It is also demonstrated that 
cup forming of the Inconel 718 with practical 
dimensions is realized by taking advantage of the 
superplasticiy through grain refinement by the IF-
HPS process [9].   
HPS 
As illustrated in Fig. 1, sheet samples are placed 
between the anvils and the plunger. While applying 
a pressure on the anvils, the plunger was moved 
with respect to the anvils so that shear strain is 
introduced in the sample. Reciprocation of the 
plunger with respect to the anvils may be adopted 
to accumulate the strain [7,8]. It is noted that the 
HPS process is applicable not only to 
sheets [3,4] but also to rods [12] and 
pipes [13]. 
IF-HPS 
As illustrated in Fig.2, when a 
feeding process is incorporated in the 
HPS process, the SPD-processed area 
can be enlarged. This combined 
process, IF-HPS, has an advantage 
that upsizing is feasible without 
increasing the machine capacity. The 
conditions for optimal operation of 
the IF-HPS process was described in 
our recent overview paper [8] in 
terms of the following three points: 
(1) use of flat-type anvils to make 
sample feeding easier 

and sheet surface smoother, (2) control of the sliding mode determined by the sliding distance 
and the numbers of the reciprocation of the sliding direction, and (3) control of the feeding pattern 
determined by the feeding distance and the feeding direction.   
Application to Ni-based superalloy (Inconel 718) 
Figure 3 shows a microstructure observed by a transmission electron microscope (TEM) after 
processing by HPS for a sliding distance of 15 mm under 4 GPa at room temperature [4]. It is  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Schematic illustrations of high-
pressure sliding (HPS).[7] 

Fig. 2 Schematic illustration of incremental feeding 
high-pressure sliding (IF-HPS).[9] 

Fig.3 TEM bright-field image (left), dark-field image (right) and SAED pattern (center) 
for Inconel 718 alloy after processing by HPS for sliding distance of 15 mm under 4 

GPa at room temperature.[4] 
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confirmed that the grain size is refined to ~100 nm from the dark-field image (on the right) taken 
by a diffracted beam indicated by the arrow in the selected area diffraction (SAED) pattern (at the 
center). Furthermore, the SAED pattern exhibits rings so that the structure consists of fine grains 
with high-angle boundaries. Nevertheless, the grain boundaries are ill-defined, and this is a typical 
feature observed in SPD-processed alloys [14]. 

Figure 4 shows results of tensile testing for HPS-processed specimens and those without 
processing, for comparison [15]. Here, the HPS-processing was made for an as-received state and 
an annealed state, while the underformed specimens include the as-received state, solution-treated 
state and solution-treated plus aged state. Tensile tests were conducted with an initial strain rate of 
2×10−2 s−1 at 1073 K in all specimens for comparison. The unprocessed specimens were deformed 
only to 35% or less with maximum flow stresses exceeding 500 MPa, whereas supeplasticity was 
well attained to the total elongations more than 400% with the maximum flow stresses below 200 
MPa in the HPS-processed specimens. It is clearly demonstrated that the HPS processing is 
effective to create a superplastic flow which gives rise to not only a significant reduction of the 
maximum flow stress but also to a significant increase in the total elongation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Tensile tests were further conducted at temperatures of 973, 1023, 1073, 1123 and 1173 K with 
initial strain rates in the range of 5.0×10−4 to 2×10−2 s−1 [15]. The total elongations are plotted 
against the initial strain rate in Fig.5. Here, the horizontal dotted line is drawn at the elongation of 
400% above which is considered to be superplastic [16] and the vertical dotted line is drawn at the 
strain rate of 1x 10−2 s−1 beyond which the superplastic elongation is defined as the high-strain rate 
superplasiticity (HSRS) [17]. Inspection reveals that the HSRS was attained in the HPS-processed 
sample even though the temperature is as low as 1073 K, which is ~0.6 Tm where Tm is the melting 
temperature. 
  

Fig.4. Stress-strain curves (left) and appearance of tensile specimens after deformation to 
failure (right) for as-received and solution-treated specimens with and without HPS 

processing including solution-treated plus aged specimen without HPS processing for 
comparison. All tensile specimens were deformed at 1073 K with initial strain rate of 2×10−2 

s−1.[15] 
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The IF-HPS process was employed because the sample dimensions of 10 x 100 x 1 mm 

processed by a maximum capacity of the HPS machine is still insufficient. As shown in Fig.6, it 
was successful to cover a square area of a sheet with 100 x 100 mm without increasing the machine 
capacity [10]. Four tensile specimens were extracted from the sheet using an electrical discharge 
machine, where the traces of the extracted specimens are visible in the initial and ending sides as 
numbered 1 and 8, respectively. They were extracted from the shiny and rough surface areas. Here, 
the rough surface appeared because the anvil at the flat area was deliberately roughened to prevent 
slippage and the shiny surfaces arose because the sample was made contact with the smooth 
surfaces at both sides of the roughened parts of the anvil and plunger. All the tensile specimens 
exhibited superplastic elongations well more than 400% with maximum flow stresses reduced to 
~ 200 MPa or less as shown in Fig.7.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Superplastic formability was further checked by extracting 30mm diameter disks from the IF-
HPS processed sheet. The disk was then subjected to cup forming at 1073 K in air with a forming 
speed of 0.1mm/s. It was successful as shown in Fig. 8(a), whereas the disk without the IF-HPS 
processing was fractured at the flange as shown in Fig. 8(b) and many cracks appeared at the 
bottom of the cup even under the same forming condition.  
  

Fig. 5. Total elongation to failure 
plotted against initial strain rates 
for testing temperatures ranging 
from 973 K to 1173 K. Region of 
high strain rate superplasticity 

(HSRS) ( > 400% and > 1×10−2 
s−1) is indicated by drawing 

horizontal and vertical dotted 
lines.[15] 

Fig. 6 Appearance of sheet 
sample after 8 passes of IF-

HPS processing. [10] 

Fig. 7 Stress–strain curves at (a) initial and (b) ending sides 
of processed sheet. All tensile specimens were deformed at 

1073 K with initial strain rate of 2 x 10-2 s-1. [10] 
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Figure 9 plots the total elongation to failure against the hardness measured on the Inconel 718 
after processing by HPS including HPT from past studies [18]. There exists a linear relation, 
suggesting that it is possible to predict the advent of superplastic deformation by hardness 
measurement. Such a relation is reasonable because grain refinement promotes the total elongation 
at high temperatures due to enhanced contribution of grain boundary sliding to the total 
deformation [19]. The grain refinement can also enhance the room-temperature hardness due to 
the Hall-Petch strengthening mechanism [20,21].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ti alloys 
Figure 10 shows the stress-strain curves and the appearance of the tensile specimens of the F1295 
alloy after processing through x = 10 mm under 3 GPa. The superplastic elongations more than 
400% are confirmed. The tensile specimens are extracted from three different positions along the 
longitudinal axis of the sheet samples as shown in the inset. For comparison, the stress–strain curve 
and the appearance of a tensile specimen in the as-received state are included in Fig.10. While 
reduction in gage width is prominent in the as-received sample, more uniform deformation occurs 
throughout the gage length after the samples are processed by HPS.  
  

Fig. 8 Appearance of circular disks 
(left) extracted from IF-HPS 

processed sheet (upper) and as-
received sheet (lower). Appearance 
after cup-shape forming (right) for 

IF-HPS-processed sheet (upper) and 
as-received sheet (lower). [8] 

Fig. 9. Relation of total elongation plotted against hardness constructed using published data. 
Horizontal dotted line represents critical lower limit for superplasticity defined earlier [18]. 
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Mg alloys 
Figure 11 shows the stress–strain curves and the appearance of the AZ61 samples processed for x 
= 10 mm at room temperature and at 403 K. The elongation to failure reached ~400% at both 
conditions with smooth and uniform elongations throughout the specimens. A close observation 
of microstructures after HPS processing at room temperature revealed that the grain size is refined 
to ~100 nm, but this fine-grained structure contains subgrains with low- angle boundaries. It is 
suggested that dynamic recrystallization should have occurred during the tensile testing because 
superplastic flow through grain boundary sliding hardly occurs in the subgrain structure but 
requires grain boundaries with high angles of misorientations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Summary and conclusions 
Superplasticity successfully appeared in hard-to-deform metallic materials such as a Ni-based 
superalloy (Inconel 718), a Ti alloy (F1295) and a Mg alloy (AZ61) after processing by severe 
plastic deformation (SPD) though high-pressure sliding (HPS). In particular, high-strain rate 
superplasticity with a strain rate higher than 1x10-2 s-1 was attained in the Inconel 718 alloy. 
Incorporating a sample feeding process to the HPS process, called the incremental feeding HPS 
(IF-HPS), it was possible to enlarge the SPD-processed area as large as 100 x 100 mm in the 
Inconel 718 alloy without increasing the machine capacity. This enlargement thus enabled cup 
forming of the alloy without fracturing of the sample.   

Fig. 10 Stress–strain curves (left) and appearance of tensile specimens after 
deformation to failure including undeformed specimen (right) for F1295 alloy. 

HPS was perfomed for sliding distance of 10 mm  under 3 GPa at room 
 

 

Fig. 11 Stress–strain curves (left) and appearance of tensile specimens after deformation to 
failure including undeformed specimen (right) for AZ61 alloy. HPS was performed for sliding 

distance of 10 mm  under 1.5 GPa at room temperature and 403 K. 
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