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Abstract

Copper, bronze (Cu-10wt.% Zn) and brass (Cu—-30wt.% Zn) were deformed by high pressure torsion (HPT) under a pressure of 6 GPa fc
five rotations. The stacking fault energies (SFEs) of copper, bronze and brass are 78, 35 anc 1kesgkéctively, and their average grain sizes
after the HPT processing were about 84, 54 and 17 nm, respectively. Deformation twins were found in all samples and their densities increase
with decreasing SFE. This work demonstrates that under the same conditions of HPT a low SFE promotes the formation of nanostructures ar
deformation twins.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction with the melting point of the metal and decreases at lower pro-
cessing temperaturgs]. Recently, Mohame(tl8] developed
Severe plastic deformation (SPD) is one of the most promisa dislocation model that relateg,i, during MM processing
ing approaches to synthesize fully dense, contamination-fre@ith several material parameters including the stacking fault
nanostructured (NS) materials. In this approach, conventionanergy (SFE), hardness, self-diffusion activation energy, melt-
coarse-grained (CG) materials are deformed plastically to angtemperature and shear modulus. The model appears to agree
very large strain to produce substantial grain refinement andyell with experimental data reported for MM-processed materi-
under some conditions, grain sizes within the nanometer rangeals. However, there is a potential problem with MM processing
Techniques of SPD processing include mechanical millingoecause there may be contamination from the milling media
(MM) [1], equal-channel angular pressing (ECAR}], high  and/or the ambient atmosphere and this may significantly affect
pressure torsion (HPT]3,5,6], accumulative roll-bonding the value recorded fafnin.
(ARB) [7], repetitive corrugation and straightening (RCS) The objective of this work is to investigate the effect of SFE on
[8,9] and their combinationg10-13] Among all of these nanostructure formation and the valuedgfi, in HPT process-
techniques, the results to date suggest that only HPT is capahleg. An advantage of using HPT is that it can produce bulk NS
of producing bulk NS materials with grain sizes below 100 nmmaterials with grain sizes below 100 nm but without introducing
[14-17] any inherent contamination. The experiments were conducted
In the SPD approach, it is commonly found that the mearusing Cu, Cu-10wt.% Zn and Cu-30wt.% Zn samples, which
crystallite size (or subgrain size, dislocation cell size) of thehave the same fcc single phase crystal structure but different
deformed materials decreases with imposed strain and reacheSBEs of 7§19,20], 35 and 14 mJ/f[19,21] respectively. The
minimum steady-state valuéi,). Experimental observations, SFE of Cuwas estimated using the stacking-fault tetrahedral sta-
primarily from MM processing, show thdtyin scales inversely  bility method[20]. The SFEs of Cu—10 wt.% Zn and Cu—30 wt.%
Zn were measured from observations of dislocation nodes with
the measurement errors within 1Q24]. The overall objective
* Corresponding author. Tel.: +1 505 667 4029; fax: +1 505 667 2264. of this study was to compare the experimental results with the
E-mail address: yzhu@lanl.gov (Y.T. Zhu). model of Mohamed18].
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2. Experimental procedures Table 1

A list of the XRD-measured average grain sizégp), grain sizesds 11 and
dopo) along(111) and (200 directions, the average grain size from TEM
measurementsi{gy), lattice parameters:f, SFEs {) [19-21] absolute val-
ues of Burgers vectord) and shear modulus) [26] of HPT-processed Cu,
The materials were obtained in the form of rods having diam-cu-10wt.% zn and Cu-30wt.% Zn alloys

eters of 10 mm for copper (99.9%) and brass (Cu—30 wt.% Z"%amples Copper Bronze Brass
and in the form of plates with a thickness of 6 mm for bronze (99.9% Cu) (Cu=10Wt.% Zn) (Cu=30Wt.% Zn)
(Cu-10wt.% Zn). They were sliced to disks having thicknesses

of 0.8 mm and diameters of 10 mm. These disks were subjected nm)

2.1. Sample preparation

to HPT at room temperature for five rotations at a speed of d;;; 61%6 22 13
1rotation/min under an imposed pressure of 6 GPa. The pro- dxgo 84 54 17
cessing was performed using the facility described elsewhere drem 75 50 10
[22] where the sample is placed between a stationary upper angda) 3.619 3.641 3.691
a rotational lower Bridgman anvil. y (mJ/nf) 78 35 14
b (nm) 0.2559 0.2575 0.2610
G (MPa) 48.3 46.5 40.1

2.2. Transmission electron microscopy

The errors of the XRD-measured grain sizes are about 15nm for Cu and
Conventional transmission electron microscopy (TEM) andCu-10wt.% Zn, and about 5nm for Cu-30wt.% Zn. The errors of TEM-
high-resolution TEM were performed on a Phillips CM30 micro- measured grain sizes are about 20 nm for Cu and Cu—lOWt.% Zn, and about
. . 3 nm for Cu—30wt.% Zn. The errors of the XRD-measured lattice parameters
scope operating at 300 kV and a JEOL 3000F microscope OpeLz, oot 0.008.
ating at 300 kV. TEM specimens were cut at a distance of 4 mm
from the disk center and therefore near the outer edge of ea%h .
. L 2 . Experimental results
disk. At this distance from the center, the shear strain imparted
by HPT is about 160 and the equivalent strain is about 90. It
should be noted that, in practice, the |mp(_)sed_str_a|n is probablgureol from the XRD peak broadenifig3]. Because of the
lower than these values because of potential slipping between tlég(

. . . ) istence of a{11 1} texture, it is possible only to calculate
sample disks and the anvil. The specimens were thinned to abo{‘lllte grain sizesd; 11andda o) using the pairs of (11 1)—(2 2 2)
10wm by mechanically grinding both sides of the disks usingand (200)—(4 00) reflections, as listedTiable 1and shown in

diamond-lapping films (in the order of 30, 6, 1 and Qrh). Fig. L The mean grain sizesixrp, were averaged fromds 1 1

Further thinning to a thickness of electron transparency Waandd200 As demonstrated iffable 1 a decrease in the SFE
carried out using a Gatan Dual lon Milling System with arf Ar from 78 to 14 mJ/rR (from copper to brass) leads to a corre-

accelerating voltage of 4 kV and liquid nitrogen for cooling the ponding decrease in the average grain sizes measured by XRD

specimen. It should be noted that the current conventional TE om 84+ 1510 17+ 5 nm. Moreover, itis apparent that the grain

and high-resolution TEM measured the microstructural infor-_._ . ; .
. . : ize is anisotropic. For exam of the HPT-processed Cu
mation on the sample disk plane (from the top view of the HP'I'S P P00 P

The grain sizes of the HPT-processed samples were mea-

disks).
120 T T o
2.3. X-ray diffraction I c
100 r\:
Quantitative X-ray diffraction (XRD) measurements of the I E
HPT-processed disks were performed on a Scintag X-ray diffrac- 80 - 2
tometer equipped with a Cu target operating at 1.8kW and a § L 3
graphite curved single-crystéd 0 0 2 monochromator in order % 0F 5 M )
to select the Cu K radiation at the goniometer receiving slit R e
section. The divergence and anti-scattering slits were chosen w0 E B ]
to be 0.5 and 0.5, respectively, and the receiving slit had a rg
width of 0.3 mm6—29 scans were performed to record the XRD ool © ]
patterns at room temperature. Pure Al powder (99.999%) was ] %

annealed at 200C in Ar and used as an XRD peak-broadening
reference for the average grain size and microstrain calculations.
The peak parameters (peak intensity, peak-maximum position,
full width at half maximum and integral breadth) were deter-
mined by fitting a Pearson VII function to the measured peaks=ig. 1. XRD-measured grain sizeg141 anddzo0) along(111) and (200
Uniike conventional TEM and high-resolution TEM, the XRD  ZEE0C2. 118 FEe e Se e o ceessedCuan 2 lloys. The
results Wer,e averaged frf)m the \_NhOIe disk sample and r,epréer_rrors ofthe XRD-meagsugr]ed grain sizes are :-Fl)bout 15nm for Cuand Cu—lg v;/t.%
sent the microstructural information along the cross-sectionaln and 5 nm for Cu-30wt.% zn. The errors of TEM-measured grain sizes are

direction of the HPT-processed disks. about 20 nm for Cu and Cu-10wt.% Zn, and 3 nm for Cu-30wt.% Zn.
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(106+ 15 nm) is much larger thad; 11 (62+ 15nm). Fig. 1 Fig. 2 shows the statistical grain size distributions of the
also shows that the difference betwekn 1 andd> godecreases HPT-processed CuF(g. 2a), Cu-10wt.% Zn Kig. 20) and

with decreasing SFE. For the HPT-processed Cu-30wt.% ZrGu—-30wt.% Zn Fig. ). It can be seen that, with decreasing
the value ofd2 90 (19 5nm) is very close td;1 11 (15+£5nm)  SFE, the average grain size is decreased and also the width of
indicating that equiaxed grains were formed in the low SFEhe grain size distribution is reduced. This means that the grain
brass. structure becomes more uniform with decreasing SFE.

The average grain sizes at the edge of the HPT-processed Fig. 3 shows representative TEM micrographs taken from
disks were determined by TEMyem, using the linear intercept the edges of HPT-processed disks of: (a) copper, (b) bronze and
method and measuring about 300 grains for each sample. As) brass. For all three samples, it is apparent that the HPT pro-
shown inFig. 1, the values ofitgp follow the same trend a&rp cess produced equiaxed grains with random orientations. Close
but they are slightly smaller. Generally, the grain sizes measureidspection suggests that the isotropic grain size observed in HPT-
by TEM are larger than those measured by XRD because the Xprocessed ClHig. 3a) is inconsistent with the X-ray results. The
rays measure the size of the subgrain strucf@8sThe unusual reason for this apparent difference is that the TEM micrograph
trend recorded here is because the values determined from XRahly shows the grains in the sample disk plane and the grains
relate to the whole disk and reflect the values from a crossare probably thinner and elongated when viewed from a sample
sectional view, while the TEM observations were conducted onlysection parallel to the disk normi@5]. It is obvious fromFig. 3
at the disk edges where the grains are finest and reflect valuésat the grain size becomes smaller from copper to bronze to
from the top view. The presence of non-uniform grain sizes idrass, corresponding to the decrease in the SFE.

a consequence of the intrinsic nature of HPT processing which High-resolution TEM observations in numerous areas indi-
subjects the sample disk to a higher strain at points furthestate that, as the SFE decreases from copper to bronze to brass,

removed from the disk cent§s,6,17] the deformation twin density becomes higher and the width of
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Fig. 2. Statistical distributions of grain sizes after HPT processing for: (a) copper, (b) bronze and (c) brass. The linear intercept methowasassed the
grain sizes, and about 300 grains were measured for each sample.
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Fig. 3. Bright-field TEM micrographs at the edges of the HPT-processed disks for: (a) copper, (b) bronze and (c) brass.

deformation twins is smaller, as typically shown Big. 4a—c.  trend is consistent with data observed in MM-processed metals
The deformation twins in the HPT-processed Cu and bronzand alloys and it is explained by the concept hat, is deter-
are mainly lamellar twins, which are emitted from the grainmined by a dynamic balance between dislocation generation and
boundaries and terminate inside the grains Ege4b). Inthe  recovery{18]. Thus, a lower SFE increases the difficulty for dis-
HPT-processed brass, both five-fold twins and lamellar twinsociated dislocations to recombine and cross-slip, impedes the
are observed, as representediy. 4c. recovery process, and consequently leads to smaller values for

dmin. The higher twinning density with lower SFE observed in

. . Fig. 4is reasonable because it is well known that a lower SFE
4. Discussion promotes deformation twinning.
It is of interest to compare the measured valueggf with

Extremely large strains are introduced in HPT processingnhe dislocation model where the relationship betwégn and
and it is reasonable to anticipate that the average grain sizgge SFE, is given ag18]:

measured in samples processed by HPT through five rotations

correspond to the minimum grain Sizéyin, as defined in the  dnin y 05
model by Mohamed18]. The experimental data in this study ~—; (ﬁ)
indicate that the SFE significantly affects the measured value of

dmin. The decrease in the SFE leads to a decrease in the grewhereb is the absolute value of the Burgers vectbg constant
sizes inthe order of Cuto Cu—10 wt.% Zn to Cu—30 wt.% Zn afte@ndG is the shear modulus. For a fcc structures the length
processing by HPT under the same experimental condition. Thisf unit dislocation along thél 1 0 direction and equal tega,

1)
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L

Fig. 4. Deformation twins in: (a) copper, (b) bronze and (c) brass. (b and ¢) High-resolution TEM images viewed from [1 1 0] direction. (b) A lameltsichws
emitted from the grain boundary and terminate inside the grain. (c) A five-fold twin and a lamellar twin. The insets in (b and c) are the magnifiedtiraggetsof
denoted by white arrows or indicated by white rectangles. The white zigzag lines in the insets in (b and c) ind{datel}haanes that form the twin relationship.
The white arrows and the numbers 1-5 in the inset at the top right of (c) indicate the five-fold twin boundaries and twin domains, respectively.

wherea is the lattice parameter. The valuesab, y [19-21]
andG [26] for copper, bronze and brass are listedable 1 100 ¢ : : IR
Fig. 5 shows a plot ofiin/b versusy/Gb on a logarithmic i
scale using TEM and XRD data. Inspection shows that the two
terms do not scale with each other in a linear way. Moreover, if it
is assumed that this non-linearity is caused by a scattering in the
data, it is possible to fit the data with straight lines as shown in QE 102 F
Fig. 5to yield slopes of 1.37 and 1.07 from the TEM and X-ray B '
measured grain sizes, respectively. Both slopes are significantly

Cu-10 wt. % Zn

higher than the slope of 0.5 predicted in the model as shown in " Cu-30 wt. % Zn 1
Eq. (1). This disagreement is reasonable when it is noted that I .\
the model is based on the occurrence of a single deformation - . ‘ s TEM XRD
mechanism, whereas, as showrFig. 4, copper deformed pri- 109 102
marily by lattice dislocation slip in this investigation while the ¥Gb

Cu-30wt.% Zn alloy deformed primarily by twinning. Itis also Fig. 5. Plot ofdmin/b Vs. y/Gb on the logarithmic scale showing that the two
1~ H . . min .
reasonable to anticipate that, even in the same metal or allok@rms do not scale linearly and the slopes of 1.37 from the TEM results and 1.07

the deformation meChaniS.m may change when the grain sizgm the XRD values deviate significantly from the value of 0.5 predicted in Eq.
becomes smaller than a critical vallis,27-31] ).



Y.H. Zhao et al. / Materials Science and Engineering A 410411 (2005) 188-193 193

5. Conclusions [12] V.V. Stolyarov, Y.T. Zhu, I.V. Alexandrov, T.C. Lowe, R.Z. Valiev, Mater.
Sci. Eng. A343 (2003) 43.

Disks of Cu, Cu—10wt.% Zn and Cu—-30wt.% Zn with dif- [13] A-P- Zhilyaev, B.-K. Kim, J.A. Szpunar, M.D. Bar T.G. Langdon,
' Mater. Sci. Eng. A391 (2005) 377.

ferent SFEs were deformed by high pressure torsion. After f"’_fm] A.V. Sergueeva, C. Song, R.Z. Valiev, A.K. Mukherjee, Mater. Sci. Eng.
rotauons_, their average grain sizes were found to degrease with * A339 (2003) 159.

decreasing SFE. Deformation twins were observed in all sanji5] J.Y. Huang, Y.T. Zhu, X.Z. Liao, R.Z. Valiev, Philos. Mag. Lett. 84
ples and the density of twins increased with decreasing SFE. (2004) 183. . .

The variation of the grain size with the SFE does not follow al16] X-Z- Liao, Y.H. Zhao, S.G. Srinivasan, Y.T. Zhu, R.Z. Valiev, D.V.
dislocation model based on the occurrence of a single deforma- Gunderov, Appl. Phys. Lett. 84 (2004) 592.

. . . g - . 7] X.Z. Liao, Y.H. Zhao, Y.T. Zhu, R.Z. Valiev, D.V. Gunderov, J. Appl.
tion mechanism. This work also demonstrates that it is feasible ~ pnys. 96 (2004) 636.

to adjust the SFE in order to design the structures of NS metaf$8] F.A. Mohamed, Acta Mater. 51 (2003) 4107.

processed by SPD. [19] P.C.J. Gallagher, Met. Trans. 1 (1970) 2429.
[20] M.H. Loretto, L.M. Clarebrough, R.L. Segall, Philos. Mag. 11 (1965)
459.
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