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It is well known that plastic deformation induced by conventional forming methods
such as rolling, drawing or extrusion can significantly increase the strength of metals
However, this increase is usually accompanied by a loss of ductility. For example, Fig.
1 shows that with increasing plastic deformation, the yield strength of Cu and Al
monotonically increases while their elongation to failure (ductility) decreases. The
same trend is also true for other metals and alloys. Here we report an extraordinary
combination of high strength and high ductility produced in metals subject to severe
plastic deformation (SPD). We believe that this unusual mechanical behavior is caused
by the unique nanostructures generated by SPD processing. The combination of
ultrafine grain size and high-density dislocations appears to enable deformation by new
mechanisms. This work demonstrates the possibility of tailoring the microstructures of
metals and alloys by SPD to obtain both high strength and high ductility. Materials

with such desirable mechanical properties are very attractive for advanced structural
applications.

In this work, we report on how inducing severe plasticare shown in Fig. 3. Results for Cu tested at room tem-
deformation (SPD) by equal channel angular pressingerature in its initial and three processed states are
(ECAP) and high pressure torsion (HPTcan produce shown in Fig. 3(a). The initial coarse-grained Cu, with a
both high strength and high ductility. Both ECAP and grain size of about 3@um, has a low yield stress but
HPT can subject a metal work-piece to arbitrarily largeexhibits significant strain hardening and a large elon-
shear strain under high pressure without changing thgation to failure. This behavior is typical of coarse-
work-piece dimensions. Figure 2 shows schematics illusgrained metals. The elongation to failure is a quantitative
trating both methods. In ECAP, the work-piece is repeatmeasure of ductility, and is taken as the engineering
edly pressed through the same die. For an ECAP die witktrain at which the sample broke. Cold rolling of the
an angle® = 90° [Fig. 2(a)], each processing pass in-copper to a thickness reduction of 60% significantly in-
troduces a shear strain of 2 (or a von-Mises strain otreased the strength [curve 2 in Fig. 3(a)] but dramati-
1.15). An important merit of ECAP is its potential to be cally decreased the elongation to failure. This is
scaled-up for industrial applicatioisThe HPT tech- consistent with the classical mechanical behavior of met-
nique imposes large shear strain through friction betweeals that are deformed plasticafty. This tendency is also
the disk-shaped sample and a rotating plunger. To date itue for Cu subjected to two passes of ECA pressing
has only been applied to produce thin samptes (Mfm).  [curve 3 in Fig. 3(a)]. However, further deforming the Cu
The pressure imposed on the sample is over 2 GPa ito 16 ECA passes simultaneously increased both the
both techniques. strength and ductility [curve 4 in Fig. 3(a)]. Furthermore,

In this investigation, pure Cu (99.996%) was proc-the increase in ductility is much more significant than the
essed using ECAP with 90° clockwise rotations along thencrease in strength. Such results have never been ob-
billet axis between consecutive pas$eshile pure Ti  served before and challenge our current understandings
(99.98%) was processed using HPT. All processes weref mechanical properties of metals processed by plastic
performed at room temperature. deformation.

Strength and ductility were measured by uniaxial ten- Similar results were also observed in Ti samples sub-
sile tests performed using samples with gauge dimensiornected to HPT, which were tested in tension at 250 °C.
of 5 x 2 x 1 mmResulting engineering stress—straimves  The coarse-grained Ti with a grain size of 2 exhibits
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a low strength and a large elongation to failure [curve 1similar trend. The reduction in sample cross-sectional
in Fig. 3(b)]. After being processed by HPT for 1 revo- area is 51% for Cu (16 ECAP passes) and 43% for Ti
lution, the Ti material had a very high strength but sig-(5 HPT revolutions). The strain-rate sensitivity of stress,
nificantly decreased ductility. Further HPT processing todefined asn = (dIng/dInE)_, whereo is flow rate, e is
5 revolutions dramatically increased the ductility andstrain rate, were measured using the standard jump-test
slightly increased the strength [curve 3 in Fig. 3(b)]. method® The samples with high ductility were found to
Figure 3 shows that small SPD strains (2 ECA passehave higher strain rate sensitivity. For instance, the viadue
or 1 HPT revolution) significantly increase the strengthwas equal to 0.14 for ECAP Cu (16 passes) in contrast to
at the expense of the ductility, while very large SPDm = 0.06 for ECAP Cu (2 passes). Higher strain rate sen-
strains (16 ECA passes or 5 HPT revolutions) dramatisitivity renders the materials more resistant to neckifg.
cally increases the ductility and at the same time further The extraordinary mechanical behavior in metals proc-
increases the strength. This is contrary to the classicassed by SPD suggests a fundamental change in defor-
mechanical behavior of metals that are deformed plastimation mechanisms after the metals have been processed
cally. Greater plastic deformation by conventional tech-by SPD to very large strains.
nigues such as rolling, drawing or extrusion introduces We can begin to understand these results by examining
greater strain hardening, which in turn increases théhe microstructures induced by SPD. Figure 5 shows the
strength, but decreases the ductility of the m&faTwo  transmission electron microscopy (TEM) micrographs of
representative Cu samples failed under tensile tests afa) Cu processed by ECA pressing for 16 passes and (b)
shown in Fig. 4. The Cu sample processed by ECAP fofli processed by HPT for 5 revolutions and then heated at
2 passes [Fig. 4(a)] shows visible necking near the frac250 °C for 10 min. As shown for both Cu and Ti, there
ture section. It failed at a relatively low strain [see curve
3 in Fig. 3(a)]. In contrast, the Cu sample processed by
ECAP for 16 passes [Fig. 4(b)] shows no apparent neck-
ing near the fracture section, which explains its high
ductility [see curve 4 in Fig. 3(a)]. Both samples show
cross-section reduction over the length of the gauge sec-
tion. The Ti samples (not shown here) demonstrated
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FIG. 1. Cold rolling (the reduction in thickness is marked by each data
point) of Cu and Al increases their yield strength but decrease their
elongation to failure (ductility}:® The extraordinary combination of
both high strength and high ductility in nanostructured Cu and Ti
processed by SPD clearly sets them apart from coarse-grained metals. (b) -

(These metals are 99.5% to 99.9% pure. Metals with different impurityFIG. 2. Schematics of severe plastic deformation techniques: (a)
contents exhibit different strength and ductility valugs.) equal-channel angular pressing and (b) high-pressure torsion.
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is a formation of ultrafine-grained structure having agrains are highly misoriented. This is consistent with the
mean grain size of about 100 nm. Most grains areecent TEM/high-resolution electron microcsopy obser-
equiaxed without noticeable elongation. Selected-aregations that large severe plastic deformation mostly in-
electron diffraction indicates that a significant fraction of troduces high angle grain boundarfesn addition to
creating ultrafine grains, the SPD process also introduces

500 1 high densities of dislocations and internal elastic strains.
= 1. Coarse-grained ] The grain boundaries are usually in a nonequilibrium
2 400 g gg'gp"’gesésig‘;/" ] state, as evidenced by their distorted shape (Fig. 5). As a
: 4. ECAP. 16 passes compgrison, conventional deformation techniques suph
@ 200 E as rolling usually cause the formation of low-angle subgrain
£ ] structures (cell blocks) in metaf®although some low- and
o i ] high-angle grain boundaries may form with sufficient
£ 2001 1  strain. The subgrains/grains are usually elongated (or fila-
§ : mentary) and larger than the grains shown in Fig. 5.

% 100 | . Note that not all SPD-processed metals exhibit the
& 1 high ductility as observed in this work. For example,
0 AT VT T T VL A, commercially pure Ti processed by ECAP for 8 passes
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FIG. 3. Tensile engineering stress-strain curves of (a) Cu tested g
22 °C and (b) Ti tested at 250 °C. Both were tested at a strain rate g
102 s*. The processing conditions for each curve are listed on thd
figure.

FIG. 4. Representative Cu samples pulled to failure at room temper e -
ture. The samples were processed by ECAP for (a) 2 passes and (B)G. 5. TEM mlcrographs of (a) Cu after ECA pressing (16 passes),
16 passes. and (b) Ti after HPT (5 turns) and being heated at 250 °C for 10 min.
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ductility and high strength, it has to be severely deformedower ductility is not only followed individually by
beyond a certain level of strain. Increasing strain dethe work-hardened Cu and Al, but also followed collec-
creases grain size, but only to a minimum size that aptively by 21 other coarse-grained metals. The nanostruc-
pears to depend on the SPD processing conditidns. tured Cu and Ti are clearly separated from coarse-grained
However, after the grain size saturates, the fraction of highmetals bytheir coexisting high strength and high ductil-

angle grain boundaries continues to increase, and the mity.

Further more, the ECAP technique has the potential to

crostructure becomes more homogeneous with further SPprovide nanostructured materials in sufficiently large
straining™*3We also believe that the high pressure appliedproduct forms to enable their use in advanced structural
during SPD may play a role in the formation of nanoscaleapplications.

microstructures shown in Fig. 5. It has been reported that
higher pressure during HPT produces finer grafs.

For coarse-grained metals, dislocation movement and -k NOWLEDGMENT

twinning are the primary deformation mechanisms. Ul-
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facilitate other deformation mechanisms such as grain
boundary sliding and enhanced grain rotatt@rwhich
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