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Abstract

Experiments were conducted to examine the feasibility of extending conventional processing with high-pressure torsion (HPT) from use
with thin disks with thickness of1 mm to bulk cylindrical samples with height 68 mm. Two cylindrical samples of an Al-Mg-Sc alloy
were processed through 1/4 and 1 turn and then examined on different planes of sectioning. The results confirm the potential for using HP
with small cylinders but they show there are significant and systematic variations in the values of the Vickers microhardness throughout the
samples after processing. After one turn in HPT, the highest values of the microhardness were achieved in the central plane around the out
edge of the sample where the hardness increased by a factor of >2 compared with the solution-treated condition. Microstructural examinatio
revealed an array of equiaxed grains in this region with an average grain siZ906fnm.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction fraction of boundaries having high angles of misorientation
) ] ) ~ [12,14] In addition, HPT processing may be used for the
Considerable interest has developed recently in using consolidation of fine particlg45,16]and amorphous ribbons
severe plastic deformation (SPD) to process polycrystalline [17].
metals for the production of ultrafine-grained microstruc- A current major disadvantage of processing by HPT is
tures[1,2]. Typically, the grain sizes produced using SPD that the specimen size is very small. Following the early
are in the submicrometer or nanometer range and thus theyqrk by Bridgman[18], where thin disks were compressed
are smaller than the grain sizes achieved using conventionalang strained in torsion to very large strains, the samples used
thermo-mechanical processing. for HPT have been consistently in the form of thin disks
Several SPD processing techniques are now available butyith diameters in the range 0£10-20mm and average
mostinterest has centered on the procedures of equal-channghicknesses of-1 mm. This small size may be appropriate
angular pressing (ECAP) where arod or bar is pressed repetifor the subsequent use of processed samples in electronic
tively through a die constrained within a channel bent through gevices but it precludes the use of HPT processing for the
an abruptangl{8—6]and high-pressure torsion (HPT) where  production of materials for structural applications. Accord-
adisk is subjected to a high pressure and concurrent torsmnaﬁqgw’ the present investigation was initiated to provide a first
straining[7-9]. In general, it is easy to conduct ECAP pro-  gyajuation of the potential for scaling-up the HPT process for
cessing and the technique may be readily scaled-up for theyse with bulk samples. Specifically, the present experiments
production of large bulk sampl¢$0]. However, processing  were conducted using samples in a cylindrical form with
by HPT has two advantages over ECAP because it tendsy diameter of 10mm and a height close~®.5mm. As
to produce both smaller grain sizgkl-14] and a higher || pe demonstrated, HPT processing may be used with
these larger samples but it was found that, at least after
* Corresponding author. Tel.: +1 213 740 0491; fax: +1 213 740 8071. @ Single turn in torsion, the deformed microstructure is
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of the sample and between the central and upper and lower % 10
sections. g 10 5 3
2. Experimental material and procedures 8.57 L4
) A
An Al-3wt.% Mg—0.2wt.% Sc alloy was used for these .

experiments where this alloy was selected because the

microstructure and properties are well documented after pro- (unit:mm) 5° L S

cessing by ECAH19-27] and HPT[28]. The alloy was

prepared as an ingot using 99.99% purity aluminum, 99.9% F_ig. 2. Specim_en shape initially (on left) and during HPT processing (on
purity magnesium and 99.999% purity scandium: the method right): observations were undertaken on the two sectional planes labeled L
of preparation was described earli@3]. The ingot was andS.

homogenized in air at 753K for 24 h, cut into a bar with

dimensions of 18 mmnx 18 mmx 160 mm, swaged intoarod  with a pressuré, that the lower outer ring was constructed
with a diameter of 12 mm, lathed to a diameter of 10 mm and with a height approximately 1 mm shorter than the inner die
then cut into small cylinders with heights of 8.6 mm. These to ensure that it experienced no pressure during the loading
cylinders were solution treated in air for 5h at 873 K to give and straining operation. Since the confining die has edges
an initial grain size of~0.5 mm. Following the solutiontreat-  inclined at 5 to the perpendicular, the specimen shape is
ment, the ends of the cylinders were lightly ground to give changed from the initial configuration shown on the left in
an initial height of 8.57 mm. Fig. 2to the final configuration shown on the right after appli-

A special HPT facility was constructed for use in these cation of the pressur®. Thus, the total height of the cylinder
experiments and this facility is illustrated schematically in was reduced to 8 mm on application of the pressure and the
Fig. 1 All parts of the facility were made from high-strength  specimen expanded outwards into a barrel-shaped configura-
tool steel. The facility consisted of upper and lower anvils tion to fill the die. It is important to note that the total volume
and three separate parts that were constructed in order tof the sample remained unchanged when it was forced into
apply pressure and torsional straining to the sample. Thethe barrel shape. In addition, there was a significant advan-
central parts of the die consisted of cylindrical blocks that tage in using this configuration because it was relatively easy
were mounted on the two anvils in exact alignment. Each to remove the sample from the die after testing.
of these blocks was surrounded by close-fitting cylindrical ~ During testing, the lower anvil was rotated with respect
rings that were 4 mm longer than the central blocks and with to the upper anvil at a rotation speed of 1 rpm. All testing
the upper parts of the inner surfaces inclined outwards at anwas conducted at room temperature under an applied load of
angle of 5 with the perpendicular. These cylindrical rings 9.3 tonnes, equivalent to an imposed pressBra&f 1 GPa.
were surrounded by two additional rings, also made of tool In the present experiments, the torsional straining was termi-
steel, that were incorporated into the design as a safety meanated after either 1/4 or 1 turn, where, following the earlier
sure to prevent an accident in the event that the inner die brokeproposal for conventional HPT, the strain is expressed solely
during straining. These outer rings are labeled the case in thein terms of the number of revolutions imposed on the sample,
illustration on the left inFig. 1 and it is apparent from the N [29].
illustration on the right, which shows the facility in operation Following HPT, the values of the Vickers microhardness,

Hv, were recorded on alongitudinal section through the center
Load of the cylinder labeled plane L on the right iig. 2 The
1 values of Hv were recorded on this plane either in arectilinear

grid pattern or at discrete points having a spacing of 1 mm.
Each separate value of Hv was determined by applying a load
of 259 for 20 s.

Microstructural observations were undertaken both on the
longitudinal plane labeled L ifrig. 2 and on a secondary
plane labeled S oriented parallel to plane L but displaced
laterally from the center of the cylinder by 3 mm. These sec-
N tions were mechanically polished to a mirror-like finish and
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| then electro-polished in an aqueous solution of 5% kRF
observations using optical microscopy. For transmission elec-
% ) tron microscopy (TEM), samples were sliced to a thickness
Rotation of ~0.15mm on plane S, disks were punched out with diam-
Fig. 1. Schematic illustration of the HPT facility (on left) and in operation eters of 3mm, and Fhese disks Wer(_a mechanically polished
with a pressure (on right). and then electro-polished to perforation at room temperature



270 G. Sakai et al. / Materials Science and Engineering A 406 (2005) 268-273

using a twin-jet polishing unit with a solution of 10% HCJO within these zones the individual grain configurations are no

20% GHgO3 and 70% GHsOH. The perforated disks were  longer visible. Outside of these heavily deformed regions,

examined using an Hitachi H-8100 microscope operating at the grains tend to be elongated along the flow directions. Itis

200KkV. Selected area electron diffraction (SAED) patterns apparent also that there are increases in both the thickness of

were recorded from areas with diameters ofnb. the heavily deformed zones in a vertical sense and the width
of these zones in a horizontal sense when the number of turns
is increased from 1/4 to 1. For both experimental conditions,

3. Experimental results the grains appear to be less elongated near the middle of the
central plane.

Figs. 3 and 4show montages of the longitudinal plane The corresponding microhardness measurements are
L after totals of 1/4 or 1 turn, respectively, where the small shown inFig. 5, using a gray-scale representation for the
diagrams at upper right indicate the plane of sectioning. The condition whereN=1 turn, where the value of Hv within
most significant characteristic of these sections is the cleareach 1mmx 1 mm is represented pictorially using a scale
evidence for flow patterns that delineate the flow of material factor of 20 for the individual values of Hv: the higher values
towards the outer edges of the cylinder in the vicinity of the of Hv are shown in a darker gray and the precise significance
central section. For both conditions, but especially for the sit- of the gray scale is depicted at the lower right. Inspection of
uation whereV =1 turn inFig. 4, there are heavily deformed  Fig. 5shows there are higher values of Hv in the vicinity of
zones at the edges of the cylinders at the mid-section andthe outer edges at one-half of the height and the values of Hv
decrease both towards the center of the cylinder and towards
the upper and lower surfaces.

The variation of Hv across the horizontal mid-section of
the cylinder is depicted ifrig. 6 where it is apparent that
the hardness reaches maximum values ®40-150 at both
of the outer edges but decreases@b6 at the center of the
cylinder. The lower broken line iRig. 6 delineates the solu-
tion treated condition where Hv 63. Thus, it is concluded
that there is a measurable increase in hardness in the center
of the cylinder after a single turn.

Fig. 7 shows a similar plot for the variation of Hv across
vertical sections through the cylinder where the horizon-
tal positions labeled from 0 to 5 correspond to the vertical
sections indicated ifrig. 5 and position O is located at the
central line. These lines confirm the high values of Hv that
are achieved at the outer edges in the central region of the
cylinder and the lower values of Hv at all other points.

Fig. 8 gives a montage of optical micrographs taken on
plane S after 1 turn, where the plane of sectioning is again
shownin the inset at upper right. The heavily deformed zones
are again visible at the edges of the central section, the shapes

Fig. 3. Montage on the longitudinal plane L affér 1/4 turn: the plane of
sectioning is indicated at upper right.

Fig. 4. Montage on the longitudinal plane L affé= 1 turn: the plane of Fig. 5. Gray-scale representation of the Vickers microhardness on the L
sectioning is indicated at upper right. plane aftev =1 turn: the significance of the scale is indicated at lower right.
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Fig. 6. Variation of Vickers microhardness across the horizontal mid-section
of the cylinder: the lower broken line delineates the solution-treated condi-
tion.

of the grains indicate very intense flow and the alignments of
the numerous grains provide a very clear delineation of the
flow pattern associated with the torsional straining.
Representative TEM photomicrographs are shown in
Fig. 9for samples taken from plane S at (a) the center region
of the sample labeled A iRig. 8and (b) an outer region near
the edge of the specimen labeled BFig. 8. It is apparent
that the microstructures in these two regions are different.
In the outer region ifFig. Yb), the grains are very fine and
essentially equiaxed with an average grain size @f2j.m.
In this region the SAED pattern exhibits rings indicating the
presence of a high fraction of boundaries having high angles
of misorientation. By contrast, the grains are elongated in the
central region irFig. 9a), there is a high dislocation density
and the SAED pattern indicates that many of the boundaries
have low angles of misorientation.
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Fig. 7. Variation of Vickers microhardness across vertical sections of the
cylinder where position O corresponds to the center line and the other
positions are indicated ifig. 5: the lower broken line delineates the solution-
treated condition.
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Fig. 8. Montage on the secondary plane S aNer1 turn: the plane of
sectioning is indicated at upper right.

Fig. 9. Microstructures on the secondary plane S at (a) the center region and
(b) an outer region, these positions are labeled A andBdn8.

4. Discussion

Processing by HPT is very attractive because there is a
potential for producing exceptional grain refinement to the
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nanometer level. However, HPT processing has the disad-
vantage that the conventional disk samples are extremely

solution-treated condition and the grain size was reduced
from aninitial value of~0.5 mm to an as-processed value

small with thicknesses of the order ofL mm. The present of ~200 nm.

investigation demonstrates the possibility of extending

the HPT process to include the torsional straining of bulk

samples in the form of small cylinders. In this research, HPT
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