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Miniature dog-bone specimens with different sizes and geometries are frequently used to measure the tensile behaviors of nano-
structured materials. Here we report a significant specimen dimensions influence on the tensile behavior of ultrafine-grained Cu: the
elongation to failure, post-necking elongation and strain hardening rate all increase with increasing thickness or decreasing gauge
length. The thickness effect is caused by the necking geometry and the effect of gauge length originates from the strain definition.
© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Recently, the diminished tensile ductility of bulk
nanostructured (NS) materials at ambient temperature
has become a great concern as it limits the applications
of such materials [1,2]. Efforts have been undertaken to
show that the ductility (elongation to failure) of NS
materials is closely linked to their microstructures and
could be improved by microstructure engineering [1,2].
In addition to the intrinsic microstructural features,
some external conditions, such as strain rate and tem-
perature, may also affect the ductility [1,2].

A survey of the literature shows that a great variety of
specimens with different sizes and geometries have been
used by different authors, primarily depending on the
availability of material. In many cases, the specimens
deviate from the sizes and geometries dictated by ASTM
standards [3]. For instance, the dog-bone thickness/
width usually ranges from 100 pm [4] to several millime-
ters [5], and the gauge length from 1 mm [6] to several
tens of millimeters [5]. This situation naturally invites
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concern as to whether the tensile behaviors measured
using such non-standard specimens are comparable.
Accordingly, it is necessary to ask whether the geome-
tries/dimensions of dog-bone specimens have any influ-
ence on the experimental results and, if so, how strong
these influences are. To date, the only comparisons that
can be made are directly between reported data, without
considering the sample size effect [1,2,7].

A gradient-free size effect has recently become a topic
of great interest as testing on nano- and micropillars has
shown a strong size dependence of the strength of single
crystals: the smaller the crystal, the stronger [8-11]. A
large degree of plasticity has been observed by tensile
testing Si nanowires [12] and even amorphous nanospec-
imens [13]. An increase in yield strength and a decrease
in tensile ductility with decreasing specimen thickness
were reported in free-standing Cu, Al, Au and Ni foils
with thicknesses below 250 um or even in the sub-
micrometer range, and with grain sizes in the microme-
ter range [14-18]. Moreover, molecular dynamics (MD)
simulation of Cu nanowires indicated that the yield
stress decreased while ductility increased with increasing
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nanowire diameter due to the enhanced opportunities
for dislocation motion at larger sizes [19]. Tests of the
tension of single crystal Cu samples (with a diameter be-
tween 0.5 and 8 um) found that strain hardening was
negligible for long gauge specimens but pronounced
for short gauge specimens due to sample geometry con-
strained glide of dislocations [20]. However, these spec-
imen size effects may not extend to macroscopic NS
tensile specimens with thicknesses above 250 pm and
grain size below 1 um, because various physical defor-
mation mechanisms, operating on different length scales,
govern the mechanical behavior of materials [21-23].

In this work, we investigated the influences of speci-
men size/geometry on the tensile behavior of pure ultra-
fine-grained (UFG) copper (99.99%) prepared by equal-
channel angular pressing via route Bc for eight passes.
The grain/subgrain sizes in this UFG Cu are in the
range of 100 nm—1 pum and the grains/subgrains are dec-
orated by a high density of dislocations. Flat dog-bone
specimens with different dimensions were sectioned by
electro-discharge machining from the fully worked re-
gions of the UFG Cu rods. Here we are primarily con-
cerned with the following two scenarios. First, the
specimen thickness (7) wvaries from ~250pum to
~1.0 mm, while the gauge length (L) and width (W)
are fixed at 1.0 and 2.0 mm, respectively. Second, L var-
ies from 1.0 to 10.0 mm but 7 and W are fixed at 350 um
and 2.0 mm, respectively. Two sets of samples were pre-
pared for every combination of 7"and L to ensure repro-
ducibility. The flat surfaces of all the dog-bone
specimens were polished using SiC papers to have a sur-
face root mean square roughness of about 50 nm, as
measured by atomic force microscopy. Tensile tests were
performed on a Shimazu Universal Tester with an initial
quasi-static strain rate of 1.0 x 10~ s~'. In parallel with
the experimental analysis, finite element modeling
(FEM) was used to simulate the specimen size effect
on the tensile behaviors of dog-bone specimens. A bilin-
ear constitutive model was adopted with yield stress of
400 MPa, a Young’s modulus of 40 GPa, and a strain
hardening modulus of 100 MPa. The values of L were
1.0, 2.0 and 4.0 mm at a constant 7" of 350 pm; the val-
ues of T were 250, 350, 500 and 800 um at a constant L
of 1.0 mm. The W was 1.0 mm for all samples. During
tension, one end of the specimen was fixed while the
other end was subjected to a velocity load.

Figure 1 shows experimental (solid lines) and simu-
lated (dashed lines) engineering stress—strain curves of
the UFG Cu with an L of 1.0 mm and different values
of T (as indicated in Fig. la), and with a fixed 7 of
350 um and different values of L (as indicated in
Fig. 1b). For all samples, strain softening (due to neck-
ing) occurred shortly after yielding, leading to a fast
stress drop with strain, which is typical of UFG metals
processed by severe plastic deformation because of the
low dislocation storage capability. Both experiments
and simulations suggest that when T increases from
250 um to 1.0 mm (Fig. 1a) or L decreases from 10 to
1.0 mm (Fig. 1b), the necking portion (post-necking
elongation) in the stress—strain curves of the UFG Cu
is prolonged to a higher strain, resulting in a larger over-
all ductility. Moreover, reducing L and increasing 7T in-
creases the apparent strain hardening rate without
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Figure 1. Experimental (solid lines) and simulated (dashed lines)
results of the thickness 7 (a) and gauge length L (b) effects on
engineering stress—strain curves of the UFG Cu with a width of 2 mm
for experiment and 1 mm for simulation, respectively. The different
thicknesses and gauge lengths are indicated in the figures.

changing the yield strength of UFG Cu, which is about
390 MPa. The thickness independence of the yield
strength was also observed in nanocrystalline Ni by elec-
trodeposits [24]. The discrepancy between simulations
and experimental results is probably caused by the dif-
ferent gauge widths and the inhomogeneous structures
in UFG Cu, which cause a vanishing strain hardening
in the early stage of tension.

The uniform elongation ¢, can be determined using
the Considére criterion. The total ductility &, &, and
the post-necking elongation epe(=écr—eye) of the UFG
Cu are shown in Figure 2 against 7 and L. The post-
necking part accounts for a significant fraction of the to-
tal ductility. Both T"and L tend to have significant effects
on the post-necking elongation and the total ductility,
but with no evident influence on the uniform elongation.
The & (pe) decreases from 75% (70%) to 34% (31%)
with a reduction in 7 from 1.0 mm to 250 um, and from
45% (41%) to 9% (7%) with an increase in L from 1.0 to
10 mm.

In order to understand the above specimen dimen-
sion/geometry effects on the tensile behavior of the
UFG Cu, we performed scanning electron microscopy
(SEM) and FEM analyses on failure processes. Figure
3 displays the effects of 7" and L on the failure mode
and area reduction. With increasing 7, the failure mode
of the UFG Cu with an L of 1.0 mm changes gradually
from shear to normal tensile failure, as shown in the in-
sets in Figs. 2a and 3. When T of the specimen is in-
creased from 250 um to 1.0 mm, the angle between the
failure plane and the loading axis increases from ~55°
to ~83° and the area reduction increases from about
70% to 90%. These results suggest that thinner samples
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Figure 2. Thickness (a) and gauge length (b) effects on elongation to
failure &, uniform elongation &, and post-necking elongation &, of
the UFG Cu. The insets are the fractured tensile specimens with
different thicknesses (L = 1 mm) and gauge lengths (7'= 350 pm), as
indicated in the figures.
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Figure 3. Thickness (a) and gauge length (b) effects on fracture surface
area reduction and shear failure angle of the UFG Cu. The insets are
SEM images of the fracture orientations and surfaces of the UFG Cu
with L=1mm and 7=250 pm and 1 mm, respectively (a), and
T=350 pm and L =1 and 10 mm, respectively (b).

are susceptible to shear failure, resulting in a smaller
area reduction. However, the gauge length has no evi-

dent influence on the failure mode or area reduction,
as shown in Figure 3b and the inset in Figure 2b. The
UFG Cu specimens with a T of 350 um and different
L fractured with a shear failure angle of ~63° to 66°
and an area reduction of about 80%.

The change in failure mode of the UFG Cu specimens
vs. specimen thickness may be further explained by
FEM simulations, as shown in Figure 4a—c. When spec-
imens with L = 1.0 mm are pulled to the point of neck-
ing at an engineering strain of about 2%, two pairs of
conjugated shear localizations appear at the gauge cen-
ter of the sheet-like specimen (the 7/W ratio is very
small) (Fig. 4a). When T is 250 pm, the shear-band like
structures combine to form a single coarsened shear
band on the top plane of the gauge section (Fig. 4b).
The shear angle to the tensile direction is about 50°,
agreeing with the experimental value of ~55° for the
UFG Cu with 7= 250 um. From the equivalent plastic
strain (PEEQ) distribution at the side plane of the gauge
part, one can see that shear deformation only occurs in
the gauge top plane. However, when 7 = 800 pum, shear
deformation is also observed on the gauge side plane
(Fig. 4c). The interaction of the two series of shear
bands (at both top and side planes) leads to a more com-
plex stress state for the thicker specimens, giving rise to
the experimentally observed normal fracture mode.

The change in tendency to necking with T originates
from the specimen geometry, or more specifically from
the T/W ratio. For thin, sheet-like specimens (7/W
small), necking only occurs along the direction of 7 (in-
sets in Fig. 3). When the T/W is close to unity (or 7 is
comparable to W), necking occurs in both the W and
T directions. An SEM analysis indicates that when
T = 1.0 mm, necking reduces the thickness by 63% and
the width by 49%. When T = 250 pm, necking reduces
the thickness by 72% and the width only by about
15%. Large necking at 7= 1.0 mm results in a large
necking length in the tensile direction (inset b in
Fig. 3a), rendering prolonged post-necking strain in
the stress—strain curves. In addition to the specimen
geometry limitation to the necking ability, surface de-
fects (roughness and the deformation layer caused by
grinding) will also reduce the necking ability by prema-
ture failure and such an influence will become more sig-
nificant with decreasing 7.

The gauge length effect on the measurement plastic
strains can be explained by recourse to the definition
of the engineering strain: ¢= Al/ly, where Al is the
apparent elongation, which is the summation of
Al + Al + Al (Al is the elastic elongation, Al, the uni-
form plastic elongation and Al plastic elongation by
necking) and /, is the initial gauge length. For the
UFG Cu, contributions from A/; and Al, are usually
negligible. Post-loading SEM observations suggest that
the gauge length has no evident effect on the failure
mode and necking process, as further verified by Figure
4d-f. The necking area is about 1.0 mm in width (same
as the width of the specimen) after maturation. These re-
sults imply that Al; is independent of gauge length.
Therefore, Al is almost the same for different L under
similar stress conditions and ¢ is inversely proportional
to lp. This was further verified by Figure 2b. Both &
and gy, of the UFG Cu have linear relationships with
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Figure 4. FEM results on thickness (a—) and gauge length (d—f) effects on the equivalent plastic strain (PEEQ) distribution at the specimens. (a—c)
PEEQ distributions of the specimens with L = 1 mm and 7'= 0, 250 and 800 pm at 2% engineering stain. (d—f) PEEQ distributions of the specimens
with 7= 350 um and gauge lengths of 1, 2 and 4 mm, at 0.16 mm elongation (A/).

I;'. By extrapolating the gpe and eer Vs. [ ! curves to
lg =0, we find that g, ~ 0 and e~ 3/o (eue). This
means that an infinite /; tends to nullify the post-necking
strain and the failure strain is then the same as the uni-
form strain.

In summary, we have demonstrated that apparent
tensile specimen dimension/geometry effects exist for
the measured mechanical behavior of UFG Cu; specifi-
cally, we find that shorter and thicker specimens tend to
be more ductile. The thickness effect is mainly caused by
the necking geometry and/or fracture modes, and the
gauge length effect originates from the strain definition.
Our results and analyses suggest that the tensile speci-
men size effect should be considered when comparing
mechanical properties, particularly tensile ductility,
measured on non-standardized dog-bone specimens.
Furthermore, we propose that, due to the ever-increas-
ing popularity of miniaturized tensile specimens in re-
search on UFG and NS materials, a standardized
protocol should be adopted for use by the community
at large.
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