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ARTICLE INFO ABSTRACT

Keywords: A ZK60 magnesium alloy was processed through 5 turns of high-pressure torsion (HPT) at room temperature
High-pressure torsion under an applied pressure of 2.0 GPa to produce a reasonably homogeneous ultrafine microstructure with a grain
Superplasticity size of ~ 700 nm. The potential superplastic behavior of this alloy was investigated by measuring the strain rate

Strain rate sensitivity
Shear punch testing
Ultrafine-grained material

sensitivity using two different procedures of miniature tensile testing and miniature shear punch testing (SPT).
The tensile experiments were conducted at initial strain rates of 3.0 X 107 °t0 1.0 x 10™" s~ ! and the SPT was
performed at shear strain rates from 3.3 x 1073 to 3.3 x 107 's™! at temperatures of 473 and 523 K. It is
shown that the strain rate sensitivity index, m, has a maximum value of ~ 0.5 at intermediate strain rates in both
tensile testing and SPT and there was a maximum elongation to failure of 940% in the tensile testing. The results
demonstrate that tensile testing and SPT are both effective procedures in indicating the potential for achieving

superplasticity.

1. Introduction

Superplasticity has many potential applications in various industrial
forming operations [1] but the superplastic flow process may be
achieved only if two conditions are fulfilled. The first is a high testing
temperature, typically of the order of ~ 0.5T,, where T, is the absolute
melting temperature of the material, and the second is a very small
grain size typically smaller than ~ 10 um [2]. The poor formability of
magnesium alloys at low temperatures is a direct consequence of the
limited number of slip systems in their hexagonal close—packed (hcp)
structure [3] but nevertheless, under appropriate conditions, super-
plastic forming may be applied to magnesium alloys to produce com-
plex shapes [4].

Although superplasticity is conventionally examined in uniaxial
tensile testing [5], alternative localized and indirect methods are also
available such as indentation creep [6], nano indentation [7], im-
pression creep [8] and shear punch testing (SPT) [9], where these
various methods may be used to provide indirect information on the
advent of superplastic flow. These localized methods are especially
beneficial for situations where the amount of material is available only
in small quantities as in the samples produced by severe plastic de-
formation (SPD) processes [10]. In this respect, processing by high-
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pressure torsion (HPT) is capable of producing exceptional grain re-
finement [11] but generally the processed samples are in the form of
thin disks which are difficult to manipulate in conventional tensile
testing. By contrast, these very small samples are ideal for use in al-
ternative indirect procedures such as SPT where only a very small
amount of material is needed in order to obtain detailed information on
the mechanical properties.

The shear punch technique is based on a blanking operation [12] in
which a thin sample, having a thickness in the range of sub-millimeters,
is secured between two die halves and a flat-ended cylindrical punch is
driven through the sample to punch out a circular disk. By plotting
shear stress against normalized displacement, SPT curves are obtained
which are generally comparable to those obtained in uniaxial tensile
tests. The mechanical properties of the sample, such as the shear yield
stress, 7y, the ultimate shear strength, z,,, and the elongation values, are
then measured directly from the SPT data. It was shown in earlier re-
ports that the data generated by SPT are consistent with, and generally
correlate well, with those found using conventional tensile testing for
wrought materials [13,14]. Nevertheless, there are only very limited
reports describing the use of this method for evaluating the mechanical
properties of ultrafine-grained (UFG) materials processed by SPD and,
without exception, all of these results relate to materials processed by
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equal-channel angular pressing (ECAP) rather than HPT [15-17].

Recent investigations examined the microstructure and hardness
evolution of the ZK60 alloy during HPT processing at room temperature
(RT) [7,18-20] and superplastic elongations were reported after HPT
within a limited range of strain rates at elevated temperatures [21,22].
However, there has been no attempt to date to measure the essential
alloy workability parameters such as the strain rate sensitivity (SRS).
Therefore, the objective of the present research was to study the flow
properties of an HPT-processed ZK60 alloy using, for comparison pur-
poses, both a miniature tensile testing technique and SPT at elevated
temperatures.

2. Experimental material and procedures

A ZK60 Mg alloy was used for these experiments where the material
was provided as an extruded rod with a chemical composition of
Mg-5.5 wt% Zn-0.5 wt% Zr and an as-received diameter of 10 mm.
Samples were sliced into disks perpendicular to the extrusion direction
with thicknesses of ~ 1.2mm and these disks were polished and
thinned to ultimate thicknesses of ~ 0.82 * 0.02 mm.

The HPT processing was conducted using an HPT facility with a
rotating lower anvil under quasi-constrained conditions [23]. Both the
upper and lower anvils contained central spherical depressions with
depths of 0.25 mm and diameters of 10 mm. All processing was con-
ducted at RT using an applied pressure of 2.0 GPa and a constant ro-
tation speed of 1 rpm through total numbers, N, of 1/2, 1 and 5 turns.
Post-processing inspections showed no damage or slippage after pro-
cessing by HPT through different numbers of revolutions. The average
final thicknesses of the disks after processing were ~ 0.64 = 0.03 mm.

Microstructural observations were undertaken near surface areas of
the disks located at approximately the mid-radius positions on the
cross-sections. Fig. 1 shows the location where the processed disks were
ion polished by the cross-sectional polishing facility: the directions la-
beled ND, TD and RD correspond to the normal (torsion axis), tan-
gential and radial directions, respectively, where the shear direction is
parallel to TD during HPT processing.

In order to polish the samples for electron back-scatter diffraction
(EBSD), a JEOL IB09010CP ion beam cross-sectional polishing machine
was used at an operating voltage of 6 kV for 5h. An analytical field
emission scanning electron microscope (SEM) JEOL JSM-7001F was
used at an operating voltage of 7 kV and orientation imaging micro-
scopy (OIM) was utilized to record the experimental data. The grain
sizes and the grain size distributions were measured using the OIM
software with a count of at least 2000 grains. For the grain size mea-
surements, boundaries having misorientation differences between ad-
jacent measuring points of 2-15° were set as low-angle grain boundaries

Fig. 1. Near surface position of the disks for EBSD sample preparation with ion beam
cross-sectional polishing facility: ND, TD and RD correspond to the normal direction
(torsion axis), tangential direction and radial direction, respectively, and the shear di-
rection is parallel to TD.
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(LAGBs) and high-angle grain boundaries (HAGBs) were defined as
misorientation differences of > 15°. The pole figures in the EBSD
images, measured in the crystallographic orientations of <0001, (1010)
and (2110), were taken from the semi-oval area of the sample shown in
Fig. 1.

The mechanical properties of the HPT-processed samples were
evaluated using the two different testing techniques of conventional
tensile testing and SPT methods.

For the tensile experiments, two identical tensile samples were cut
from off-center positions of the specimens within the HPT disks with the
samples arranged symmetrically to avoid any problems associated with
the low strains which are an inherent feature of the central parts of the
disks in HPT processing [24]. Electrical discharge machining (EDM)
was employed to cut the two miniature tensile specimens from each
disk. The gauge lengths of these tensile samples were 1.0 mm with
cross-sectional areas of approximately 1.0 x 0.64 mm? An Instron
testing machine operating at a constant rate of cross-head displacement
was used to pull the specimens in tension to failure. Specimens were
tested at temperatures of 473 and 523 K under initial strain rates in the
range from 3.0 X 107° to 1.0 x 10~ 's™’. The recorded load-dis-
placement data were converted to true stress versus true strain and the
flow stresses and the elongations to failure, e;, were measured from the
stress-strain curves.

For the SPT, the shear punch fixture included a 3.175 mm diameter
flat-ended cylindrical punch and a receiving hole of 3.225 mm dia-
meter. Tests were conducted at shear strain rates in the range from 3.3
x 1073 t0 3.3 x 10~ s~ ! at temperatures of 473 and 523 K using a
screw-driven SANTAM universal testing machine. To achieve thermal
equilibrium in the testing set-up, the assembly of the specimen and
fixture were contained within a split furnace and held for 15 min. The
applied load, P, was measured automatically as a function of the punch
displacement. The data were acquired by a computer to determine the
shear stress using the relationship:

P

T=—
Dt

@
where t is the specimen thickness and D is the average of the punch and
die hole diameters. The SPT curves were plotted as the shear stress
against the normalized punch displacement of 8 = h/t, where h is the
displacement. The shear strain rates, y, were calculated using the
equation:

=12
"aw @
where Z is the punch displacement rate and W is the die-punch clear-
ance. Three separate samples were examined for each condition and the
results showed that the variations in the measured strength values were

small.

3. Experimental results
3.1. Microstructural and texture features

Fig. 2 provides a comprehensive montage of the grain size dis-
tributions and the corresponding EBSD image quality micrographs at
the half-radius positions on the disks. Fig. 2a is representative of the
alloy in the initial as-extruded condition and inspection reveals fairly
equiaxed grains with an almost uniform grain size having a near-normal
distribution with an average grain size, davg, of ~ 5.0 * 2.5 um. The
microstructures after HPT processing are shown in Fig. 2b-d for 1/2, 1
and 5 turns, respectively, and in these processed conditions there are
many highly-refined grains. It is apparent from Fig. 2b-d that a rela-
tively homogenized microstructure develops gradually when increasing
the applied torsional straining such that after 5 turns there is a UFG
microstructure with reasonable uniformity throughout the disk and an
average grain size of ~ 700 + 50 nm. A similar level of grain
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Fig. 2. Grain size distributions and corresponding EBSD image quality maps of the material taken from the RD-TD planes of disks (a) in the extruded condition and (b) after 1/2 turn, (c) 1

turn and (d) 5 turns of HPT at the mid-radius of the disks.
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Fig. 3. The pole figures of the {0001}, {1010} and {2110} crystal-
lographic orientations on the TD-RD plane and normal to the ND
of HPT direction from the mid-radius of the extruded disk and

- Max = 8.1 HPT-processed disks after 1/2, 1 and 5 turns at 298 K.

-Min=0.7
- Max =16.5

-Min=0.7
-Max =114

434



S.A. Torbati-Sarraf et al.

Materials Science & Engineering A 708 (2017) 432-439

Fig. 4. Schmid factor maps of the {0001} (1120) slip system in (a,b) the extruded condition and (c,d) after HPT processing for 5 turns under (a,c) tensile and (b,d) shear modes of

deformation.

refinement was reported earlier for a ZK60 alloy processed by ECAP for
6 passes at 473 K [25]. Similar to the trend observed for the grain sizes,
an earlier comprehensive microhardness investigation on the HPT-
processed ZK60 alloy revealed a gradient of surface hardness values
towards a homogeneous distribution with increasing strain [21].

In addition to the grain size and grain size distributions, another
important parameter in superplastic materials is the crystallographic
texture of the grains. Accordingly, the pole figures of the samples which
were obtained from the <0001, (1010) and (2110) crystallographic or-
ientations in the TD, RD plane normal to the HPT axis are shown in
Fig. 3. These results provide a montage of textures for the unprocessed
extruded material prior to HPT followed by samples processed through
1/2, 1 and 5 turns. It can be seen that most of the grains typically tend
to align their basal {0001} planes parallel to the extrusion direction with
the c-axis parallel to TD and the prismatic {1010} planes with normals
parallel to ND. After processing by 1/2 and 1 turn of HPT at 2.0 GPa
there is a gradual evolution towards a fiber texture of basal planes and
after 5 turns the majority of grains of different sizes are oriented with
their basal {0001} planes with the c-axis parallel to ND. Recognizing the

distinct differences in the critical resolved shear stress (zcgrss) values of
the different slip systems in Mg alloys, it is apparent that the observed
differences in the dominant textures of the material shown in Fig. 3 may
affect the mechanical behavior when testing in tension and shear de-
formation. This is examined in the following section after calculation of
the corresponding Schmid factor maps for each condition.

Fig. 4 shows the Schmid factor maps of the {0001} (1120) slip
system under uniaxial tension and shear deformation for both the ex-
truded (upper row) and HPT-processed condition (lower row) after 5
turns for the ZK60 alloy for tensile testing (on left) and SPT (on right).
The corresponding Schmid factor distributions for the same experi-
mental conditions are presented in Fig. 5. It should be noted that,
considering the orientation of the samples for the EBSD analysis pre-
sented in Fig. 1, the tensile and shear experiments in this study were
performed parallel to TD and ND, respectively. It can be inferred from
the analysis of the Schmid factor data in Figs. 4 and 5 that the average
of the Schmid factor is slightly higher in shear deformation by com-
parison with tensile deformation in both the extrusion and HPT con-
ditions. In addition, it is observed that the average Schmid factor values



S.A. Torbati-Sarraf et al.

0.20 - r - -
ZK60
Extruded
0.15 |- Tensile Test
c
o
S
4
s 0101 Average number = 0.31
-
E
=
-
0.05
0.00
0.0 0.1 0.2 0.3 04 0.5
Schmid Factor
(a)
0.20 . . .
ZK60
HPT: RT, 2.0 GPa, 1 rpm, 5 turns
0.15 | Tensile Test
c
(=]
=
o
s
E 010 Average number = 0.29
5

0.0 01 02 03

Schmid Factor

(©)

04

05

Materials Science & Engineering A 708 (2017) 432-439

0.20 -
ZK60
Extruded
0.15 | Shear Punch Test
§
°
S
E 010 Average number = 0.35
[
3
z
0.05
0.00
0.0 0.1 02 03 04 05
Schmid Factor
(b)
0.20 - - v -
ZK60
HPT: RT, 2.0 GPa, 1 rpm, 5 turns
0.15 | Shear Punch Test
5
°
<
'éf 010 F Average number = 0.36
3
z
0.05 |

0.00

0.0 0.1

0.2
Schmid Factor

(d)

03 04 05

Fig. 5. The distributions of the Schmid factors of the {0001} (1120) slip system in (a,b) the extruded condition and (c,d) after HPT-processing for 5 turns under (a,c) tensile and (b,d) shear

modes of deformation.

are close to each other in the extrusion and HPT conditions for similar
modes of deformation.

3.2. A comparison of tensile testing and SPT

Fig. 6 provides a direct comparison between data collected at 473 K
using (a) miniature tensile testing and (b) SPT, where samples were
tested in the initial extruded condition and after processing by HPT
through 1/2, 1 and 5 turns. The SPT curves in Fig. 6b consist of a linear
elastic part, yielding and then a work hardening region leading to the
ultimate shear strength and then a reduction in stress leading to final
fracture. These SPT curves are similar in appearance to the tensile
curves shown in Fig. 6a. It is apparent from a comparison of the tensile
and shear punch results that the strength of the material, in all situa-
tions, is lower in SPT. Also, both the SPT and the tensile results de-
monstrate that the strength of the material decreases with increasing
numbers of HPT turns at this elevated testing temperature where this is
related to the development of the UFG microstructure combined with
modifications in the dominant crystallographic textures of the ZK60
alloy with further torsional straining. This suggests that SPT may pro-
vide the capability for evaluating the mechanical properties of mate-
rials over a range of grain sizes and textures.

For an evaluation of the possible occurrence of superplasticity, it is
necessary to determine the experimental strain rate sensitivity indices
since superplastic flow occurs by grain boundary sliding and m = 0.5
[26]. Therefore, the UFG ZK60 alloy processed through 5 turns of HPT
was tested under both tensile and shear stresses at 523 K, using initial
tensile strain rates in the range from 3.0 x 10~ to 1.0 x 107 s and
shear strain rates in the range from 3.3 x 107 to 3.3 x 107 s™. The
results are shown in Fig. 7a and b for the tensile and shear punch tests,
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respectively. Both tensile and SPT curves are representative of the
generally observed behavior of UFG materials at elevated temperatures,
including low strain hardening rates due to microstructural restoration
and decreases in the ultimate tensile and shear stresses at lower strain
rates. The dependence of the flow stress of the material on the applied
rate of deformation in both testing conditions may be used to calculate
the strain rate sensitivity and thereby provide an indirect assessment of
the possibility of superplastic flow.

The high-temperature flow stress of materials, o, is related to the
strain rate, ¢, through a power-law relationship of the form [27]

T =a(e) e (z2)

G G RT (3
where A is a material parameter, G is the shear modulus, Q is the de-
formation activation energy, R is the universal gas constant and T is the
absolute temperature. Considering the von-Mises yield criterion for
pure shear of kinematically-hardening materials, this equation can be
adapted to evaluate the occurrence of superplastic behavior in SPT by
substituting ¢ by y and o by r and rewriting as a modified power-law
relationship of the form [28]:

1
_ 1 m j
_A(G) exp(RT) @

where A is a material constant. Thus, since Q is constant at any selected
temperature, it follows that m is given by:

A

G

dln (%)

T
oln () ).

()

or from the shear relationship by
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The lower section of Fig. 8a shows a plot of the flow stress against
the temperature-compensated strain rate in tensile testing where the
strain rate values were normalized to the shear modulus to eliminate
the changes in shear modulus with temperature. It is readily apparent
that they exhibit a sigmoidal relationship which divides the behavior
into three distinct regions, where the observed behavior is identical to
that recorded in conventional superplastic materials with slightly larger
grain sizes [29]. From the slopes of the line in Fig. 8a, the values of m
are estimated as ~ 0.20, ~ 0.47 and ~ 0.14 in regions I, II and III,
respectively. The upper section of Fig. 8a gives the plot of the elonga-
tion to failure, ef, plotted against the temperature compensated strain
rate where the highest recorded elongation is 940% which occurs to-
wards the lower end of region II: the sample showing this high elon-
gation is depicted in the inset in Fig. 8a. An elongation of 940% pro-
vides unambiguous evidence for the occurrence of true superplastic
flow in this alloy since superplasticity requires elongations of at least
400% [5] and the results show that, as in conventional superplastic
alloys, superplastic flow occurs over about two orders of magnitude at
intermediate strain rates. It is noted also that there is no visible necking
within the gauge length of the specimen pulled to 940% and this is also
consistent with the requirements for superplastic flow [30].

Similar evidence for superplastic behavior is visible in the SPT re-
sults in Fig. 8b where the normalized shear stress is plotted against the
temperature compensated shear strain rate. For these conditions there
is again a sigmoidal relationship dividing the behavior into three
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Fig. 7. Plots of (a) true stress versus true strain after pulling in tension to failure and (b)

shear stress versus normalized displacement obtained at 473 K under different initial
strain rates for the material processed by 5 turns of HPT.

regions with values of m of ~ 0.26, ~ 0.49 and ~ 0.17 in regions I, II
and III, respectively. These values of m are very similar to those ob-
tained using conventional tensile testing in Fig. 8a and therefore, it is
concluded that SPT provides a simple and expedient method for de-
termining the strain rate sensitivities in metallic materials and checking
on the possibilities of superplastic flow

4. Discussion

Many investigations have studied the grain refinement mechanisms
of face centered cubic (fcc) materials through SPD processes in which
the large grains are subdivided by low-angle boundaries having small
misorientations and the subsequent formation of subgrain boundaries
leads to high-angle boundaries during further straining of the sample
[31-33]. Nevertheless, the grain refinement mechanism for hcp metals,
such as Mg, appears to be different from fcc metals. Specifically, in hep
metals there is an initial formation of a multi-modal grain distribution
with a necklace-like microstructure appearing along the original grain
boundaries as a result of dynamic recrystallization (DRX) [33,34]. A
quantitative analysis of the evolution of the grain size distribution
presented in Fig. 2 confirms that there is a gradual refinement through
HPT processing at room temperature such that the distribution of grain
sizes transfers from a peak value at ~ 2 pm after 1/2 turn to a peak
closer to ~ 1 pm after 1 turn and then to two distinct peaks after 5 turns
of HPT as shown in Fig. 2d.

These results confirm, therefore, that the ZK60 alloy may be suc-
cessfully processed by HPT at room temperature for the production of a
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fairly uniform UFG microstructure. This is an important advantage of
HPT processing over ECAP where the billets often crack during the
processing operation [35]. Nevertheless, the main disadvantage of HPT
is the relatively small thin samples that require special miniature
testing facilities for an evaluation of the mechanical properties. The
present investigation employed two different miniature testing methods
and it is apparent that SPT provides a simple alternative method for
overcoming the difficulties inherent in conventional tensile testing.
Processing by HPT also affects the crystallographic texture evolu-
tion in the ZK60 alloy as shown by the pole figures in Fig. 3. The initial
texture of {hkiO} fiber means that the {1010} planes in the extruded
condition are oriented perpendicular to the extrusion axis and the
{0001} planes generally lie parallel to the extrusion axis. Therefore, the
hep crystal c-axis is in the RD-TD plane of the disks before processing by
torsion straining in HPT. This texture evolves during processing into a
basal fiber texture since the c-axis of many hcp crystals tends to rotate
and align with the compressive direction with the basal planes parallel
to the RD-TD plane of the HPT disks. During torsional straining, there
are transformation states at 1/2 and 1 turn which contain two com-
ponents including the compressed {0001} <uvtw) basal fiber and a
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second fiber. Eventually, a basal fiber texture of {0001} <uvtw) is
produced after straining through 5 turns and producing the UFG mi-
crostructure. These results are consistent with texture results obtained
by XRD during HPT processing of Mg alloys at room temperature
[7,36]. It is important to note that these distinct differences in the
crystallographic orientations of the grains in the HPT and extruded
conditions will affect the mechanical behavior of the alloy in the tensile
and shear modes of deformation.

The CRSS of magnesium alloys is sensitive to the deformation
temperature and decreases with an increase in temperature [37,38].
This effect is more pronounced for the non-basal slip systems by com-
parison with basal slip so that non-basal slip is more activated at ele-
vated temperatures. By increasing the numbers of active slip systems at
elevated temperatures, it may be anticipated that the formability of
magnesium alloys will be improved even though, at all temperatures,
the basal slip system of {0002} <1120> remains dominant in Mg alloys.
Extensive slip on this system generally leads to an alignment of the
basal planes with the deformation direction. In addition to temperature,
the mode of deformation will affect the Schmid factor as observed in
Figs. 4 and 5. It is apparent from Fig. 5 that the average Schmid factor is
higher in shear than in tensile deformation and this indicates that the
basal slip system operates relatively easier during shear punch testing
along the ND than in tensile testing along the TD. From the present
results, it is evident from a comparison of the ultimate tensile and shear
strengths given in Figs. 6 and 7 that the material yields more easily in
SPT for all experimental conditions.

A comparison of the values of the Schmid factors also provides
important information. From Fig. 5 it follows that, while the average
Schmid factor is ~ 0.31 for the extruded material in the tensile mode,
the average value is ~ 0.29 for the same mode after 5 turns. Similarly,
average Schmid factor values of ~ 0.35 and ~ 0.36 were obtained in
the shear mode for the extruded and HPT-processed material, respec-
tively. It seems, therefore, that the initial extrusion or HPT texture of
the material prior to tensile and shear testing has little or no effect on
the Schmid factors. Since there is a rotation by 90° from a prismatic
fiber texture in the extruded material to a basal fiber texture in the HPT-
processed material, and also the tensile and shear deformation occurs in
parallel with TD and ND, respectively, the similarity between the values
of the Schmid factors for the extruded and HPT-processed conditions
are readily understood. Thus, in the extruded material most of the basal
planes are aligned perpendicular to the tensile direction which is TD,
whereas in the HPT-processed material the basal planes are aligned
perpendicular to ND which is the shear direction. This means that the
Schmid factor values should be similar under both conditions.

The UFG microstructure of the ZK60 alloy gives a high strain rate
sensitivity of m = 0.47 by tensile testing at 523 K and a maximum
elongation to failure of 940%. This confirms the occurrence of super-
plastic flow and a similar value of m = 0.49 was obtained by SPT at the
same testing temperature. Since these two values of m are almost
identical, it follows that the use of SPT provides an excellent procedure
for identifying possible ranges of temperature and strain rate wherein
superplastic elongations may be attained. Although the SPT method
was used earlier for studying superplasticity in different alloy systems
processed using SPD techniques [15-17,39,40], the technique was not
validated by reference to any alternative and proven measurement
technique. In the present experiments, the use of a single alloy pro-
cessed by HPT for both miniature tensile testing and SPT provides a
direct comparison between these diverse testing procedures. Further-
more, the similarities in the measured strain rate sensitivities between
these two methods confirms that SPT is a viable procedure for evalu-
ating superplastic behavior even when the material is in the form of the
very thin disks that are available after HPT processing.

5. Summary and conclusions

1. An extruded ZK60 magnesium alloy was successfully processed
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through HPT at room temperature to give, after 5 turns of HPT at
room temperature, an ultrafine-grained microstructure with an
average grain size of ~ 700 nm.

. Samples processed by HPT were examined using either conventional

miniature tensile testing or shear punch testing (SPT). Both methods

gave similar values for the strain rate sensitivity of m

0.50 and

with a maximum elongation recorded in tensile testing of 940%.
This value of m and the high elongation confirms the occurrence of
superplasticity.

3. The ability to record similar and consistent values of the strain rate
sensitivity using SPT demonstrates that this procedure, which is easy
to perform, provides a simple method for expeditiously evaluating
the possible occurrence of superplastic flow in the very small sam-
ples available after HPT processing.
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