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Abstract

The new severe plastic deformation technique known as high-pressure tube twisting (HPTT) is a continuous process to obtain grain
refinement in bulk metallic materials of tubular geometry. HPTT was applied to commercially pure aluminum up to a shear strain of 24.
The mechanical properties were enhanced markedly and were characterized by compression and ring-hoop tensile tests. It was shown
that the axial force during HPTT does not contribute to the plastic flow of the material; it is only controlled by the shear component
of the applied stress. The microstructure and the crystallographic texture were examined in detail by electron backscatter diffraction,
transmission electron microscopy, and X-ray diffraction, and these showed the existence of a gradient within the cross-section of the tube.
The next-neighbor grain misorientation distribution showed a bimodal nature, of which the small-angle peak was attributed to the “inter-
nal” new grains originating from the interior of the initial grains and the second one from the new grains situated at the grain boundaries
of the initial grains. The measured textures were typical shear textures with specific tilts in the sense of the shear direction at large strains,
which can be attributed to the effect of strain rate sensitivity of slip. The main component of the textures was the C component, which
continuously strengthened with the shear. The results obtained suggest that HPTT is an efficient processing way to transform the micro-
structure of Al tubes into ultra-fine-grained structures in one single operation.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Obtaining large plastic deformation is quite complicated
in most classic metal forming processes as it can become
finally limited by either material or tool failure. Severe plastic
deformation (SPD) techniques offer the advantage of impart-
ing the strain under compressive stress state, thus deferring
structural damage until large strains are applied. Therefore,
SPD has become a progressing direction of research in
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nanoscience and nanotechnology for industrial production
of ultra-fine-grained (UFG) metals with enhanced mechani-
cal or functional properties. Those properties are: high
strength at ambient temperature and high-speed superplastic
deformation at elevated temperatures. The resulting sub-
micrometer grain structures are generally known as “nano-
SPD” or bulk nanostructured (BNM) materials [1]. Up to
now, the most widely used SPD processes are equal channel
angular extrusion (ECAE) [2–5], high-pressure torsion
(HPT) [6], and accumulated roll bonding (ARB) [7]. Among
these three processes HPT is a continuous process; however,
the samples are small and there is a strain inhomogeneity
through the radial direction which is not desirable for prac-
tical applications. Inhomogeneities may exist even across
the thickness of the disk [8].
rights reserved.
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High-pressure tube twisting (HPTT) [9] is a new SPD
method proposed for manufacturing high-strength thin-
walled tubes and cylinders to obtain net-shaped engineering
components. In HPTT a tube is positioned on a mandrel
and then fully constrained by another mandrel from the
top, see Fig. 1. The tube is then confined by applying a com-
pression force on its upper and bottom wall surfaces, lead-
ing to a small axial shortening of the sample. The force is
sufficiently large to form protrusions along the tube on
the top and bottom surfaces which lead to a high hydro-
static pressure in the entire volume of the tube. This hydro-
static stress is necessary to create large friction forces on
both sides of the testing tube. Finally, the deformation of
the tube is achieved by rotating the external lateral surface
of the tube with a torque that is applied on the twisting
mandrel while keeping the internal lateral surface of the
tube immobile with the fixed mandrel. During the twisting
a shear deformation develops within the wall of the tube
where the shear plane normal is radial and the shear direc-
tion is tangential to the tube. There is no deformation in the
axial direction during twisting.

Another SPD process suitable for tubes was also pro-
posed [10] in which the tube is pushed through a tubular
die containing a ring-type zone where it can be deformed
locally (tube channel pressing). It seems, however, that that
process is technically difficult to put into operation. There
are several other new propositions to perform SPD on
materials [11,12].

It should be noted that Bridgman has also tried twisting
tubes under axial pressure [13]. However, his setup was
fundamentally different from the present HPTT testing.
Deformation was taking place only in two narrow pre-
notched places of the tube and shear was applied as in tor-
sion, that is, in the plane perpendicular to the axis of the
Fig. 1. Schema of the high-pressur
tube. In HPTT the shear plane is tangential to the tube wall
and deformation is driven by friction force.

It was found experimentally [9] that the shear strain is
not constant within the tube wall; it is maximal at the inner
wall and decreases monotonically towards the external
wall; this gradient is opposite to the gradient during HPT
where the strain is increasing with the radius. The following
formula relates the rotation angle h of the rotating mandrel
to the shear distribution c(r):

h ¼
Z b

a

cðrÞ
r

dr ð1Þ

Here a and b are the internal and external radii of the tube,
respectively. An average shear strain �c can be calculated to
characterize the strain state in the tube by replacing c(r)
with �c in Eq. (1) and integrating:

�c ¼ h
lnðb=aÞ ð2Þ

For a geometry of b/a = 10/9, and for one turn, Eq. (2)
gives �c ¼ 9:49� 2p ¼ 59:64, which is an extremely large
strain. Note that such a large strain can be achieved by
HPT only in the outer radius of the disk if its diameter-
to-thickness ratio is 19. Not only the shear strain but also
the shear stress has a gradient within the tube. To obtain
the variation of the shear stress as a function of the radial
position within the tube we can write the equilibrium of
torques produced by the local shear stress s(r) and the
external torque T:

T ¼ 2rphrsðrÞ ð3Þ

Here h is the height of the tube. This relation gives the
shear stress variation within the tube wall:
e tube twisting (HPTT) set-up.
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sðrÞ ¼ T
2r2ph

ð4Þ

The shear stress is larger at the internal (s(a)) than at the
external wall (s(b)); however, its ratio depends only on
the geometry:

sðaÞ
sðbÞ ¼

b
a

� �2

ð5Þ

For example, for b/a = 10/9, s(a)/s(b) = 1.23. Having an
average shear strain quantity given by Eq. (2), an average
shear stress �s can also be defined. For this purpose we write
an increment of plastic work in the volume V of the tube
during a rotation of Dh using the equivalent quantities
and the external work increment:

DW ¼ T Dh ¼
Z

V
�sD�cdV ¼ �sD�cðb2 � a2Þph ð6Þ

This relation, with the help of Eq. (2), provides an appro-
priate measure for the average shear stress:

�s ¼ T lnðb=aÞ
ðb2 � a2Þph

ð7Þ

It is then possible to plot stress–strain curves for the HPTT
test using the average shear strain and average shear stress
quantities given by Eqs. (2) and (7), respectively. It is also
possible to obtain the shear strain distribution in an analyt-
ical way; for such an analysis, see Ref. [14].

Apparently there is no limit to the amount of shear in
this process, so the grain refinement procedure can be very
efficient. HPTT outperforms HPT in its geometrical aspect
as tubes are very frequently used in practical applications
and because it has the potential for scaling up to produce
relatively large samples.

The present work focuses on the recent results obtained
with a new facility developed for performing HPTT. Tubes
of commercially pure (CP) aluminum were deformed up to
a shear strain of 24. Microstructure was studied by electron
backscatter diffraction (EBSD) and transmission electron
microscopy (TEM), and crystallographic texture was exam-
ined by X-rays. The mechanical properties were character-
ized thanks to stress–strain curves measured during HPTT
as well as compression and ring-hoop tensile testing. The
results show that HPTT is a very efficient technique to obtain
UFG microstructures with enhanced mechanical properties.

2. Experimental procedures

2.1. Material

Tubes were machined from CP aluminum A1050 bars
with dimensions of inner and outer diameters of 18 and
20 mm and a height of 8 mm. This relatively short tube
geometry was selected because of the limitations in the tor-
que capacity of our testing device. Before the test, the tubes
were heat-treated at 400 �C for 20 min and then water-
quenched, resulting in equiaxed grains with an average size
of �24 lm with quite large dispersion around this value;
see the grain structure in Fig. 2.
2.2. Processing by HPTT

HPTT processing of Al tubes was conducted at room
temperature under a quasi-hydrostatic pressure of
�1 GPa using the setup illustrated schematically in
Fig. 1. In order to study the evolution of the stress as a
function of average shear strain �c, the torque was moni-
tored as a function of twist angle. The compression force
was measured electronically but was adjusted manually to
keep the hydrostatic pressure nearly constant throughout
the process. Tests were done for shear strains up to 24, at
room temperature. The applied shear rate was 0.1 s�1.

2.3. Mechanical testing after HPTT

After HPTT processing, the mechanical properties were
examined by tensile and compression tests (see Fig. 3). To
obtain tensile properties of the tubular samples, ring-hoop
tension testing [15] was chosen. It is indeed the most appro-
priate technique for tubes with small dimensions or with
low formability. Fig. 3a shows the configuration of the test
as well as the sample dimensions. The reduced section area
of the tubes was placed on the top D-block that is at
h = 90� and the contact surfaces were lubricated with
Teflon spray to reduce friction effects. Compression tests
were performed at room temperature directly on the tubes
placed between two flat plates at a constant displacement
rate (Fig. 3b). All tests were performed with a cross-head
speed of 0.5 mm min�1, producing an initial strain rate of
1.3 � 10�3 s�1.

2.4. Texture measurements

Textures developed by HPTT were measured using a
home-made texture goniometer with a Cu tube using the
X-ray diffraction method on the lateral surface of the tube.
The sample reference system consisted of the shear direction
(SD), the shear plane normal (SPN) and the axial direction
(AD), see Fig. 1. To prepare a flat surface required for the
measurements, the tubes were first cut into two parts verti-
cally across their diameter, and were then flattened. To min-
imize the introduced strains while flattening the surface, the
tubes were chemically thinned to half thickness using a solu-
tion of 40% NaOH for�6 h. With the help of a compression
machine, a force of �100 N was applied on the curved sur-
face for flattening. It should be noted that due to this oper-
ation a negligible small deformation was imparted to the
specimen. However, it is believed that it should not signifi-
cantly change the texture. The supplementary strain is a
shear which can be estimated to be c = t/b = 0.25 mm/
8 mm = 0.031, where t is the thickness and b is the outer
radius of the tube. Four pole figures ({1 1 1}, {2 0 0},
{2 2 0}, {3 1 1}) were measured, from which the orientation
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Fig. 2. Inverse pole figure map of the grain structure before HPTT obtained by EBSD. The projected direction is the axial direction of the tube.
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Fig. 3. Schematic configuration of (a) ring-hoop tensile and (b) compression samples with the compression axes lying parallel to the longitudinal axes of
the tube.
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distribution function (ODF) was determined using the tex-
ture software developed at the laboratory LEM3.

2.5. Microstructure studies

The microstructure was examined using the EBSD tech-
nique and by transmission electron microscopy (TEM).
The EBSD investigations were performed on the AD plane
using a JEOL 6500F field emission gun scanning electron
microscope (FEG-SEM) equipped with HKL acquisition
software operating at 15 kV. The sample preparation for
EBSD was done first by mechanical grinding on wet SiC
paper (grit 500–4000) followed by alumina solution of
0.8 lm and 0.25 lm. A final electropolishing to a mirror-
like surface was accomplished using an electrolyte of 20%
perchloric acid and 80% ethanol at 258 K and a DC voltage
of 18 V. The EBSD observations were done with different
step sizes; 1.2, 0.6, 0.3 or 0.06 lm depending on the studied
zone. The measured areas were located within the tube wall
near to its inner surface, in the middle and near to the outer
surface. These observations allowed us to analyze quantita-
tively the grain/subgrain structures as small as � 0.2 lm.

In order to determine grain sizes with EBSD, a grain
was defined by using two criteria. The first one was based
on a minimum number of data points per grain, while
the second used the threshold boundary misorientation
angle. Concerning the first criterion, it is reported that
eight measurement points across a grain correspond to an
accuracy of 5% [16] in the obtained grain size, so this crite-
rion was applied in the present study. The threshold
boundary misorientation angle is equally critical in estimat-
ing grain size. Based on the resolution limit of the EBSD
system, low-angle grain boundaries (LAGBs) were defined
by a minimum disorientation angle of 5� between adjacent
pixels while high-angle grain boundaries (HAGBs) were
identified using a minimum of 15�.

For the sample deformed to the shear strain of 20, TEM
studies were conducted using a JEOL 2000FX microscope
operated at 200 kV. The samples were taken from the lat-
eral surface of the tube (SPN plane) as well as on its thick-
ness (AD plane). Thin foils were prepared by a twin-jet
polishing unit using a solution of 1:3 nitric acid–methanol
at 243 K.

3. Results and discussion

3.1. Strain hardening during HPTT

Typical stress–strain curves obtained by HPTT in CP Al
are displayed in Fig. 4. The average shear stress calculated
by Eq. (7) is plotted in this figure as a function of the average
shear (Eq. (2)) together with the axially imposed stress. The
latter was obtained by dividing the applied force by the
cross-section of the tube wall. Its oscillating nature is due
to the manual control of the axial force. Fig. 4 shows the
strain-hardening curve up to a shear of 24, during which
there was unloading three times (after 60� rotation each time
due to limitation in the rotation angle in the equipment). It
must be emphasized at this point that the measured torque
must have been influenced by the protrusions that developed
progressively during the HPTT test. They were extending
more and more in the axial direction and increased the sur-
face contact between the sample and the external mandrel.
The lengths of the protrusions were in the mm range and
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Fig. 4. Stress–strain curves obtained by HPTT for CP Al in three consecutive loadings up to a shear of 24; the upper dashed line envelopes three curves.
The strain-hardening curve obtained by free end torsion is superposed for comparison.
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were constantly increasing with the rotation. This is why the
measured torque was certainly larger than required to
deform the tube plastically without the protrusions. For
these reasons, the stress data obtained by using Eq. (7) can-
not be used in a reliable manner to calculate the average
shear stress during the HPTT test and the stress–strain curve
plotted for HPTT in Fig. 4 overestimates the real shear flow
stress at large strains. A curve enveloping the three harden-
ing curves is also plotted in Fig. 4 to show the transition
stages in the strain hardening. The protrusions were
removed from the sample before reloading. This explains
why there is a significant drop in the flow stress upon reload-
ing with respect to its value before unloading.

For comparison, the strain-hardening curve was also
measured by conventional torsion and plotted in Fig. 4.
The torsion was carried out on a solid bar (65 mm in length
and 6 mm in diameter) in a so-called free-end torsion test-
ing device, at room temperature. Free-end means that the
length of the sample could change during torsion (no axial
force was applied) and actually a small shortening was
observed (3.8% up to a shear of 5). The shear stress was cal-
culated from the torque at the surface of the bar using the
Nadai formula [17]. One can see in Fig. 4 that the torsion
stress–strain curve lies under the HPTT hardening curve.
However, an extrapolation of the torsion curve seems to
agree with the flow stress in HPTT after the first reloading
(see the broken line extrapolating the torsion curve in
Fig. 4). As explained above, the protrusions were removed
before reloading the sample, thus the measured HPTT flow
stress should be a correct value and it is in agreement with
the torsion flow stress. This is the case also at the starting
point of both tests where the flow stresses are equal. This
agreement means that the flow stress in HPTT is the same
as the flow stress in torsion. Consequently, there is no
contribution of the axial stress to the plastic flow criterion
so that the flow stress is independent of the axial pressure.
This characteristic of the HPTT test is theoretically proved
in Ref. [14].

An apparent increase of the hardening capacity as a
function of the applied compression stress was observed
in HPT in Ref. [15] and was interpreted by the effect of
the hydrostatic stress on vacancy activation. However, it
might be that the stress increase was partially due to the
increasing protrusions during those HPT tests, just like in
the present HPTT experiments. Kim et al. reported that
the protrusions can be very large as a function of the com-
pression load [19], which is accompanied by a significant
decrease in the thickness of the HPT samples. (Note also
that during HPT, the pressure is usually much larger
(�5 GPa).)

3.2. Mechanical properties after HPTT

Fig. 5 shows the engineering stress–strain curves
obtained by the ring-hoop tensile test of our CP Al in its
initial state and after increasing amounts of shear by
HPTT. As can be seen, the yield stress increases with
increasing pre-strain while the total elongation decreases.
These observations are very similar to those obtained by
ECAE on CP Al [20–23]. The onset of necking is indicated
on the stress–strain curves using the Considère criterion:
dr/de = r. These points identify the end of uniform elonga-
tion stage, which is drastically reduced after HPTT. The
major characteristics of the tensile tests are summarized
in Fig. 6, which displays the yield stress, ultimate tensile
stress, uniform elongation and total elongation before frac-
ture. After a shear of 2 the uniform elongation drops from
its initial 20% value to 2% only. During further shear the
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uniform elongation increases up to 3.5% at a shear of 8,
then decreases again down to 2% at very large shear. The
gain in strength, however, is very significant, which is one
of the main objectives of SPD deformation processes.

The yield stress measured after HPTT in tension can be
converted into shear flow stress using the von Mises crite-
rion, which predicts a shear flow stress

ffiffiffi
3
p

times smaller
than the tensile stress. After unloading at a shear of 8,
the tensile flow stress is 290 MPa (see Fig. 6) which gives
a shear flow stress of 167 MPa. This value agrees well with
the flow stress after reloading, see Fig. 4. Similar good
agreement can be seen after a shear of 16; 340 MPa in
tension, which gives 196 MPa in HPTT. These results fur-
ther support the conclusion made in the preceding section,
namely, the plastic flow in HPTT is only provided by the
shear stress; the axial stress does not contribute to the
yielding. Actually, any contribution from the axial stress
should decrease the amplitude of the shear stress below
the values predicted from the von Mises yield condition,
which is not the case in the present experiments.

Fig. 7 displays the yield strength obtained by tensile as
well as by compression tests after HPTT. Stages III and
IV are clearly visible in these hardening curves, with Stage
IV starting at a shear of �3. The tensile and compression
curves are very similar, which proves the pertinence of
the ring-hoop test for measuring tensile strengths of
tubular specimens.

As can be seen from our flow stress measurements, the
yield stress after HPTT is unusually high considering that
we have studied CP aluminum, not an alloy. Indeed,
reported values on CP Al do not exceed 200 MPa after
SPD (see for ECAP in Refs. [21–23]). The main difference
between HPTT and ECAP is the monotonic nature of
the HPTT test. During multi-pass ECAP the strain path
is changing, even in Route A where grain orientations are
rotated by 90� with respect to the shear process. Strain path
change always shifts the strain-hardening curve down by a
couple of percents with respect to monotonic straining [24].
After several passes in ECAP, the difference is expected to
be very significant. The application of a large axial stress
also enhances strain hardening, as was shown by
Zehetbauer et al. [18] for HPT. According to Rollett [24],
the rate of Stage IV hardening normalized by the shear
modulus in CP Al on average is �5.4 � 10�4, which is near
to the average rate of 5.96 � 10�4 that we can obtain from
our measurements (from Fig. 7, between c = 3 and 16).

3.3. Microstructural evolution during HPTT

Fig. 8 shows typical EBSD maps taken from the middle
zone of the thickness of the tube after processing by HPTT
to shear strains of 2, 4 and 8. The colors correspond to the
AD direction within the grains as denoted by the unit
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Fig. 8. EBSD maps of CP Al in the middle zone of the thickness of the tube deformed by HPTT to �c ¼ 2 (b), �c ¼ 4 (c) and �c ¼ 8 (d). HAGBs are identified
with black lines. Measurement step size: 60 nm.
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triangle at the lower left. The image in Fig. 2 shows the
material in the unprocessed condition with a typical
coarse-grained microstructure. Measurements gave an
average grain size of � 24 lm for this condition. After a
twist of 15� – which corresponds to an imposed shear of
�c ¼ 2 – the occurrence of grain fragmentation is visible
(Fig. 8b). An important feature of the microstructure in
Fig. 8b is that it contains a large number of small- and
large-angle boundaries that are parallel to the imposed
shear direction.
After a shear of �c ¼ 4 (Fig. 8c), the map is similar in
appearance to the previously examined map. Closer inspec-
tion reveals, however, strong color differences within the
banded structures which are indicative of the presence of
increasing orientation differences within grains. These bands
appear elongated parallel to the shear direction. Conse-
quently, we can clearly observe a tendency for the new grain
boundaries to be formed parallel to the shear direction. Ori-
ginal grains are elongated according to the shear direction
and their thickness is about ten times smaller than their
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length, with original grain boundaries still distinguishable.
The widths of these bands were on average �3 lm at this
stage of the process.

At the shear of �c ¼ 8, the original grains are not recog-
nizable any more (Fig. 8d). This EBSD map confirms the
potential of HPTT for introducing an ultra-fine-grained
microstructure in pure Al with grains separated by high-
angle boundaries and with a final average grain size less
than 0.5 lm.

As mentioned in Section 1, the existence of a strain gra-
dient was reported in our previous works [9,14]. Detailed
reasons and an analytic modeling for this gradient were
presented in Ref. [14]. We have observed similar strain gra-
dients in the present study as well. For illustration and
quantitative analysis, Fig. 9 shows three micrographs taken
at the internal (a), in the middle (b) and in the outer section
(c) of the tube after an average imposed shear of �c ¼ 4 (30�
rotation). One can clearly see that the grain structure seems
much more deformed in the internal section than in the
middle and especially compared with the outer section,
where it is much less deformed. The initially equiaxed
grains (see Fig. 2) become elongated due to shear and the
orientation of the elongated original grain boundaries
can be used for an estimation of the local shear strain. At
very large strains the original grain boundaries cannot be
identified but they must be present (if recrystallization
did not take place) so that the new grains have common
boundaries with the original grain boundaries. (This effect
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makes this analysis less certain in the internal region where
Fig. 9c shows high grain fragmentation.) Assuming an ini-
tially spherical grain shape, the circular form becomes an
ellipse and the measured angle a of the large axis of the
elliptic grain with respect to the tangent can be used to
obtain the shear strain using the formula [25]:
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c ¼ 2

tanð2aÞ ð8Þ

Fig. 9d shows the result of such strain analysis carried out
on the three micrographs of Fig. 9. One can see that the
shear is larger than the imposed average shear near the
internal surface (6 vs. 4) while it is much less in the outer
section (2 vs. 4).

The strain gradient is a consequence of the gradient in
the shear stress. As discussed in Section 1 (see Eq. (5)),
the shear stress varies only within a factor of 1.23 in the
tube thickness for the present tube geometry and this ratio
does not depend on the material. As shown in Ref. [11], the
local shear stress is the same as the flow stress in HPTT
because the axial stress does not contribute to the yield
condition. Therefore, the relatively limited variation of
the flow stress should not represent a major difficulty for
the introduction of HPTT for tube processing and for
structural applications of the obtained tubes. After all, it
Fig. 13. Bright-field TEM images obtained in the AD plane (electron beam par
processed by HPTT up to a shear strain of 20. The three images do correspond
(c).
is the flow stress that puts limitations on the load bearing
of a tube; the gradient in the plastic shear does not.

Fig. 10 displays quantitative measurements of the evolu-
tion of the grain size and the fraction of large-angle grain
boundaries as a function of strain. The grain sizes were
obtained by the linear intercept method in two directions:
parallel (“length”) and perpendicular to the shear direction
(“width”). The grain boundary fraction was determined for
two critical angles; for 5� and 15�. The 5� criterion elimi-
nates subgrains while the 15� is only for HAGB. After
the shear of 8, where homogenous ultra-fine structure
appears within the whole thickness of the tube, the fraction
of high-angle grain boundaries reaches almost 60%. A
rapid evolution of the microstructure can be seen at a shear
of �c ¼ 2 as the initial grain size before HPTT (�24 lm)
drops down to 1.5 lm according to the linear intercept
measure parallel to the shear direction. Further straining
has two effects: first, it decreases both the width and the
length of the grains (even though with a decreasing rate);
and second, a more equiaxed grain morphology appears.

Toth et al. [26] suggested the use of next-neighbor misori-
entation density function (NNMD) to characterize the mis-
orientation distribution of neighboring grains. Such a
distribution can be calculated by assigning an average orien-
tation to the grains that are identified by closed boundaries
everywhere having a larger misorientation than a critical
angle. Then the misorientation between two adjacent grains
can be calculated from these average orientations. Such a
distribution function provides useful information on the
state of the grain subdivision process and differs significantly
from the so-called pixel-to-pixel misorientation distribution
which characterizes rather the lattice curvature instead of
the grain structure. The NNMDs were also calculated in
the present work and are displayed in Fig. 11 as a function
of strain and position within the tube wall: near the inner
surface (triangles, blue), in the middle (squares, red), and
at the outer surface (circles, green). The distributions of
the obtained NNMD functions are bimodal with a first peak
allel to the tube axis) and showing the typical microstructure of the Al alloy
to different regions of the tube: outer part (a), center part (b) and inner part



Fig. 14. TEM images obtained in the SD plane (electron beam parallel to the shear direction) and showing the typical microstructure of the Al alloy
processed by HPTT up to a shear strain of 20. Images correspond to two different regions of the tube: the inner part (a and b) and the outer part (c and d).
Images (a) and (c) are bright-field images with the electron diffraction pattern (insert); images (b) and (d) are the corresponding dark-field images obtained
with an aperture selecting part of the two first Debye–Scherrer rings of the SAED.
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at low angles of�12� and a second at high angles at 45�. At a
given strain there are no systematic differences between the
distributions with respect to the measurement position
within the tube due to the measurement errors which are
larger. Globally, the distribution tends to move toward
high-angle grain boundaries as the deformation increases,
i.e. the boundary misorientation distribution gets closer to
the statistical prediction for a set of random orientations
(Mackenzie distribution) but it still remains very distinct
from random. The Mackenzie distribution is superposed
on the graphs with dashed lines. Note that the Mackenzie
distribution is between uncorrelated grain orientations
while the present NNMD is a correlated misorientation dis-
tribution because it is made of misorientations of neighbor-
ing grains only.

The changes in the NNMDs can be further quantified by
plotting the intensity variations of the two peaks as a func-
tion of strain; see Fig. 12. The intensity of the first peak
decreases while the second one increases as a function of
strain. This effect can be explained on the basis of the find-
ings published in Ref. [26]. Namely, the first peak can be
attributed to new grains that are neighbors in the interior
of the original grains while the second one is due to the lar-
ger misorientations between new grains that are neighbors
across the grain boundaries of the initial grains. The
increase of this second population of grains is a result of
the flattening of the initial grains during monotonic shear,
which increases the relative proportion of grains sitting at
the “old” grain boundaries. The first peak corresponds to
relatively low misorientation angles because of its origin;
these new grains are originating from the same initial
orientation. Its intensity is decreasing mostly because of
the increase of the intensity of the second peak; simply,
the total integral of the frequency densities is always equal
to 1. We can conclude then that the present experiments
provide further evidences for the occurrence of the “geo-
metrical” grain refinement process (i.e. the second peak),
which makes a very large contribution to the increase of
the fraction of large-angle boundaries during large strains.

Figs. 13 and 14 show TEM micrographs of the tube
deformed to a mean shear strain of 20. The observations
were made on two perpendicular planes: on the plane with
normal AD (Fig. 13a–c) and on the plane with normal SD
(Fig. 14a–d). On the AD plane a fairly uniformly spaced,
parallel and nearly planar dense dislocation wall substruc-
ture can be seen. It is also important to note the low dislo-
cation density inside nanoscaled grains and their smooth
and straight boundaries.

The microstructure on the SD plane consists of ultra-
fine equiaxed grains, see Fig. 14a–d. Many strained con-
trasts are visible within grains, which can be related to lat-
tice curvatures. Measurements from several dark-field
images reveal that the grain size near to the inner surface
of the tube is appreciably finer than at the outer surface.
The mean grain sizes as determined by dark field images
are �300 nm. The associated SAED patterns taken by
using an aperture of 5 lm diameter are also shown in the
figure. The SAED patterns have numerous reflections
along Debye–Scherrer rings, indicating that the grain
boundaries have high misorientation angles.

The present TEM analyses clearly demonstrate that the
HPTT processing of CP Al results in a complete refinement



(a)

(b)

(c)

Fig. 15. The initial texture (a), and the textures at a shear of c = 2 at the internal (b) and external (c) surfaces of the tube. The key figure for shear ideal
orientations is also presented. Intensity levels of the textures: 0.7 1.0 1.4 2.0 2.8 4.0 5.6 (x random).
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of the initial coarse-grained structures into an ultrafine-
grained microstructure.

3.4. Evolution of crystallographic texture during HPTT

The CP Al used in this study had an initial relatively
strong fiber texture resulting from the pre-forming extru-
sion process in which the h1 0 0i fiber axis was parallel to
the axis of the tube, see Fig. 15a. The deformation textures
are shown in both orientation distribution function (ODF)
and in {1 1 1} pole figures for various conditions of strain-
ing and positions within the tube in Figs. 15–17. For the
ODF, only the u2 = 0� and u2 = 45� sections are shown;
these can display all ideal orientations of shear textures.
Twofold sample symmetry is valid for shear textures
(around the AD axis in the present HPTT testing); how-
ever, no sample symmetry was applied when processing
the measured textures. Nevertheless, the obtained textures
are not far from the expected sample symmetry; see the
pole figures in Figs. 15–17.

Aluminum is a high stacking fault energy face-centered
cubic (fcc) metal, thus its typical shear texture consists of
a partial B fiber, with a much less strong A fiber [27].
Fig. 15 shows the textures at a shear of �c ¼ 4 on the inner
and outer surfaces of the tube. In these textures the C com-
ponent is the major one which is on the B fiber. The B=B
components are practically absent in the texture of the
internal face, but on the external surface B is stronger.
The A fiber is present but with much less intensity than
the B fiber. There is no major difference between the tex-
tures of the inside and outside regions of the tube although
a gradient in strain must exist.

The textures at the shear of �c ¼ 20 are displayed in
Fig. 16. One can see that the C component is further
strengthened at the internal surface where the strain is
expected to be larger. At the outer surface the texture is
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much weaker and the B fiber appears in more uniform dis-
tribution. An important feature of the textures at this very
large strain is their tilt in the direction of shear (which was
negative). Such rotations have widely been reported in
shear textures [28–30]. Generally, there is anti-shear tilt at
lower strains which can become a tilt in the direction of
shear. A non-tilted texture can be observed at a strain of
about �c ¼ 4 (Fig. 15).

The textures are presented at increasing strain in Fig. 17
taken at the internal surface of the tube. One can see that
there is significant development both in intensities and in
the relative proportion of the texture components. In order
to follow the general strength of the texture, the texture
index was calculated and plotted in Fig. 18a. As can be
seen in this figure the strongest texture was the initial
one, which was a {1 0 0}||AD fiber texture. The texture
strength first decreased by the formation of shear texture
(shears of 2 and 4) then slightly increased (shears of 6
and 8), and finally it decreased to a relatively low value
at the largest shear ð�c ¼ 20Þ. The variations in the intensi-
ties of the individual ideal orientations are plotted in
Fig. 18b. Apart from the initial stage ð�c ¼ 2Þ, the most
important texture component is always the C, which
strengthens continuously with strain; it goes up to an
intensity of 11 at the shear strain of 20. The second most
important component of the textures are the A=A, while a
continuous increase in the intensity of B=B is also evident.

The tilt of the texture from its symmetry position in the
sense of the shear becomes evident starting from a shear of
8. Such tilts were also observed in torsion of copper [30]
and in torsion of Al [31]. Toth et al. attributed this effect
to the strain rate sensitivity of slip [32], which permits ori-
entations to cross the ideal positions in the direction of
shear. The effect is only significant if the strain rate sensitiv-
ity index (m) is relatively high. In Ref. [32], the same
amount of tilt was obtained by simulation for an m-value
of 0.125 than in the present testing at large strains. It is
actually reported that strain-rate sensitivity of fcc metals
is increased due to the decrease in activation volume in
the nanocrystalline regime [33]. As shown in the present
experiment, the grain size is below 300 nm in the HPTT
deformed CP Al starting from a shear of 4. This grain size
is sufficiently low to obtain high strain rate sensitivity of the
material, which can induce the tilts of the texture compo-
nents due to the increased strain rate sensitivity of slip.

3.5. Comparisons to other techniques and limitations

The obtained experimental results clearly demonstrate
that the HPTT process is a viable technique to obtain
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UFG microstructures. It has been found that the yield
stresses increase significantly more than in the most applied
SPD technique, excluding ECAP. Actually, it has been
reported in Ref. [34] that after a shear of 2 and 4 in ECAP,
CP Al had a shear yield stress of �60 and 70 MPa, respec-
tively, while in the present HPTT tests, CP Al strengthened
up to 115 MPa and 144 MPa, respectively, at the same
shear strains. However, as discussed in Section 3.2, the
slope of Stage IV is just slightly larger in HPTT than in
simple torsion. It is remarkable that after a shear of 8 in
HPTT, the grain size is less than 0.5 lm, which was never
observed in other SPD techniques in CP Al.

One has to mention, nevertheless, that HPTT has limita-
tions concerning the length of the tube. The weak point of
the process is the internal mandrel which has to bear the
imposed external torque. The external applied torque is
loading the cross-section of the internal mandrel. A linear
stress distribution is valid within the internal mandrel with
a maximum yield stress sm

0 at its outer radius. We can write
the following inequality for the developed torques to
ensure that the mandrel does not break:

Z a

0

2rp
r
a

sm
0 r dr 6

Z h

0

2apst
0adh ð9Þ
Here st
0 is the yield stress of the tube at its internal radius.

After integration we obtain:

h
D
6

1

8

sm
0

st
0

ð10Þ

where D is the diameter of the tube. This means that the
length-to-diameter ratio has to be less than 1/8 if the yield
stresses of the mandrel and the tube are the same. Or, for a
ratio of 1 (tube diameter is equal to its length), the man-
drel’s yield strength has to be eight times larger.

4. Conclusions

This investigation provides the first comprehensive
report about the mechanical and microstructural character-
istics of CP aluminum processed by the new HPTT severe
plastic deformation technique. The most interesting feature
of HPTT is that very high plastic strains can be applied on
a tube in one single operation. Although limited in length,
the deformed tubes can have relatively large dimensions,
easing in this way the experimental characterization of
the samples for their mechanical properties, for their
microstructures as well as for texture investigations. An
existing HPT machine can be relatively easily converted
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into an HPTT machine; only the die has to be changed.
From the results obtained in the present investigation,
the following major conclusions can be drawn.

1. The new HPTT process is a viable new severe plastic
deformation technique which was successfully applied
to deform CP Al tubes up to shears of 24. Ultra-fine-
grained microstructures were obtained with grain sizes
of �300 nm.

2. The ring-hoop test was applied for testing tensile prop-
erties of the deformed tubes. The mechanical character-
istics of HPTT deformed tubes showed superior flow
stress with respect to the initial material. It was also
shown that the axial force during HPTT does not con-
tribute to the plastic flow of the material; it is only con-
trolled by the shear component of the applied stress.

3. The microstructure examinations using the EBSD tech-
nique showed a bimodal misorientation distribution
between the neighboring grains which was attributed
to “internal” and “grain-boundary” new grains originat-
ing from the initial grains. This result indicates that geo-
metrical grain refinement is an important element of the
grain fragmentation process at large strains.

4. The textures measured in the HPTT deformed tubes are
typical shear textures. At very large strains the texture
appears with small tilt in the sense of the shear with
respect to its ideal position, which is due to the increased
strain rate sensitivity of slip. The main texture compo-
nent is the C component, which continuously strength-
ens with strain.
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