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Miniature tensile specimens, having various sizes and geometries, are often used to measure the mechan-
ical properties of bulk nanostructured materials. However, these samples are generally too small for use
with conventional extensometers so that the strains are usually calculated from the crosshead displace-
ments. This study uses experimental results and finite element modeling (FEM) to critically evaluate the
influence of the specimen dimensions and strain measurement methods on the tensile curves obtained
from miniature specimens. Using coarse-grained Cu as a model material, the results demonstrate that
the values of strain obtained from the crosshead displacement are critically influenced by the speci-
men dimensions such that the uniform elongation and the post-necking elongation both increase with
decreasing gauge length and increasing specimen thickness. The results provide guidance on the opti-
mum procedures for the tensile testing of miniature specimens of both coarse-grained and nanostructured
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1. Introduction

The numerous reports of super-high strength for various nanos-
tructured (NS, structural features <100nm) metals and alloys
continue to attract interest from the scientific and technical
communities. It is evident, however, that a significant obstacle
obstructing the widespread engineering application of this class
of materials lies in their generally poor ductility [1-4]. Inspec-
tion of the scientific literature shows numerous recent efforts
directed towards developing strategies for improving the ductil-
ity of these materials and these strategies have met with varying
degrees of success [5-15]. A review of the published experimental
results reveals that the ductility is frequently measured using non-
standardized mechanical testing incorporating miniature dog-bone
tensile specimens having different sizes and geometries that are
not in conformity with ASTM standards [16]. Thus, the thickness of
some of these nanostructured tensile specimens vary from about
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100 wm [10,11] or even about 10 wm [17] to several millimeters
[8,9,12-15] and the gauge lengths vary from 1 mm [18-21] to sev-
eral millimeters [8-15,17] or even several centimeters [22] where
these various dimensions depend primarily upon the availability of
material.

On the basis of ASTM standards, a subsize rectangular tensile
specimen should have a gauge length of 25 mm, a width of 6 mm, a
thickness smaller than 6 mm and a radius fillet of 6 mm. An impor-
tant requirement is that the ratio of gauge length to width should
be maintained at 4. In the case of tensile specimens with circular
cross-sections, the ratio of gauge length to gauge diameter should
be 5 and the fillet radius should equal the gauge diameter. In prac-
tice, the ratio of gauge length to thickness/diameter used in NS
materials is frequently smaller than 4. Moreover, because of the
small dimensions of the gauge lengths, the strains of the minia-
ture specimens are often derived from the crosshead displacements
due to the difficulties in attaching strain gauges or applying exten-
someters [18-21]. As a consequence of these variations, it is not
surprising that published results for bulk NS materials are often dif-
ficult to interpret in terms of the underlying mechanisms (ductility,
for example) and they invariably pose a challenge in any attempts
to reproduce the data.
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It follows from these differences that it is necessary to ask
whether the geometries/dimensions of the dog-bone specimens
and the strain values determined from crosshead displacements
are factors that influence the experimental results. To date, the
only possible comparisons between materials are based on directly
comparing the reported data without considering any possible
sample size effects [3,4,7]. However, an understanding of the pre-
cise effect of specimen dimensions is an important prerequisite
not only in interpreting mechanical behavior but also in the design
and implementation of materials for use as miniature components
and devices in advanced engineering applications such as digi-
tal cameras, mobile phones, mini-robots, micro-electro-mechanical
systems (MEMS), miniature medical devices and biotechnological
or chemical processing equipment [23-27].

A survey of the literature reveals an evident size effect in
the mechanical behavior of materials when testing in compres-
sion [28-32], tension [33-42], indentation [43] or torsion [44]. An
increase in yield strength and a decrease in tensile ductility with
decreasing specimen thickness were reported in freestanding Cu,
Al, Au and Ni foils with thicknesses below 250 wm or even in the
sub-micrometer regime [38-42]. Moreover, molecular dynamics
(MD) simulations of Cu nanowires indicate that the yield stress
decreases while ductility increases with increasing nanowire diam-
eter due to the enhanced opportunities for dislocation motion at
the larger sizes [35]. Room temperature tensile results obtained
with single crystal Cu samples (with diameters between 0.5 and
8 wm) showed that the strain hardening was negligible for long
gauge specimens but pronounced for short gauge specimens where
dislocation glide was constrained due to sample geometry [36].
However, the thickness in these foils was below 250 wm or even
in the sub-micrometer regime [38-42]. The variety of size effects
reported in the literature indicates that various physical deforma-
tion mechanisms, operating on different length scales, govern the
mechanical behavior of materials [45-50]. Therefore, it is proba-
ble that the specimen thickness effects reported in these studies
cannot be extended to macroscopic NS tensile specimens where
the specimen thickness is larger than 100 wm. Furthermore, the
gauge length of the standard ASTM tensile specimen affects only
the post-necking strain and not the portion of the stress—strain
curve prior to necking but for specimens deviating from ASTM
standard geometries the influence of gauge length remains to be
established.

In recent studies it was demonstrated, using both experiments
and finite element modeling (FEM), that apparent tensile spec-
imen dimension/geometry effects are significant in the case of
ultrafine grained (UFG) Cu [51]. Specifically, it was reported that
the post-necking elongation increases significantly with increas-
ing specimen thickness and decreasing gauge length. The thickness
effect is caused primarily by the necking geometry and fracture
modes whereas the gauge length effect originates from the strain
definition. With a decrease in thickness, the gauge part is effectively
transformed from a bulk to a sheet geometry and the stress state
within the gauge changes from a more or less bi-axial condition to
a uni-axial stress state under tension, thereby resulting in a change
from diffuse necking to localized necking [52-54]. However, in this
study it was difficult to reveal any effects from specimen dimen-
sions and strain measurement methods on the uniform elongation
because there was essentially an absence of any uniform elongation
in the UFG Cu [51]. Other investigators have reported that ductility
increases with increasing specimen thickness and decreasing gauge
length [55-58] but there are no systematic analyses of these trends.

In the present study, we critically evaluate the possible influ-
ences of strain measurement methods and specimen dimensions
on both the uniform elongation and the post-necking elongation
behavior. We used coarse-grained (CG) Cu for this study because
its large uniform elongation makes it easier to study the size effect
before the onset of necking. First, we investigate the effects of
specimen thickness and gauge length via experimentation com-
bined with FEM, with the strain values established on the basis
of crosshead displacement. Second, we establish the influence of
specimen geometry on tensile results via FEM with the strain val-
ues established based on the actual gauge elongation. Although no
experimental measurements of strain from the gauge section were
performed in this study, the FEM analysis of the strains measured
from the gauge section is valid and sufficient to give information on
the effects of the strain measurement methods on the stress-strain
curves. In practice, it will be shown that the stress-strain curves
predicted by FEM agree well with those measured experimentally
for strains determined from the crosshead displacements. Finally
we analyze the experimental errors in strain measurements from
the crosshead displacement and discuss the origins of specimen
dimension effects. Our overall objective is to recommend guide-
lines regarding the experimental characterization of mechanical
properties using small-scale samples.

Fig. 1. (a) Optical metallographic image of the Cu sample showing coarse grains decorated with a high density of annealing twins. (b) Surface topography of the tensile
specimen of the Cu showing a surface root mean square (RMS) roughness of about 50 nm, as measured by atomic force microscopy (AFM).
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Fig. 2. (a) Dog-bone specimen model used to simulate the geometric effects on the
measured stress-strain behavior under nominally uni-axial tension. In this model,
the width is fixed at 2.0 mm, and the size of the fillets is fixed at 3.0 mm (curvature
radius). (b) Stress—strain behavior of the simulated material. The material is assumed
to exhibit bi-linear constitutive behavior.

2. Experimental

The as-received pure copper (99.99%) rod was annealed at 500 °C
for 3 hin an argon atmosphere to promote the formation of a coarse
grain structure with an average grain size of about 50 um as estab-
lished by optical metallographic analyses and shown in Fig. 1a. A
high density of annealing twins, with spacings ranging from several
micrometers to tens of micrometers, was observed within these
coarse grains. Flat dog-bone specimens with different dimensions
were then sectioned using electro-discharge machining (EDM). In
this study, we studied a range of specimen dimensions. First, the
specimen thickness (T) was varied from ~250 pm to ~2.0 mm while
the gauge length (L) and width (W) were maintained constant at 1.0
and 2.0 mm, respectively. Second, L was varied from 1.0 to 10.0 mm
and T and W were maintained constant at 250 wm and 2.0 mm,
respectively. Two sets of samples were prepared for every com-
bination of Tand L in order to ensure reproducibility of results. The
radius of the fillets of all specimens was maintained at 3 mm. The
flat surfaces of the dog-bone specimens were polished using SiC
papers with a final FEPA standard grit size of 4000 to yield a surface
root mean square (RMS) roughness of about 50 nm as measured by
atomic force microscopy (AFM) and shown in Fig. 1b. Tensile tests
were performed using a Shimadzu Universal Tester with an ini-
tial quasi-static strain rate of 1.0 x 10~3 s—1, Measurements of strain
were derived based on the crosshead displacements.
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Fig. 3. Experimental (a and b) and FEM simulated (c) tensile stress-strain curves of
coarse-grained Cu showing the thickness T effect. The tensile specimens have a gauge
length L of 1 mm. The different thicknesses are indicated in the figures. The true
stress—strain curves (b) were transferred from the engineering stress-strain curves
(a). The input stress-strain curve in FEM simulation was indicated by a dashed line
in part (c).

In parallel with the experimental analysis, FEM was used to
simulate the effect of specimen size/geometry and the strain mea-
surement method on the tensile behavior of dog-bone specimens
under nominally uni-axial tension. The dog-bone specimen model
used for the FEM simulations is shown in Fig. 2a. In this model, the
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Fig. 4. Experimental (a and b) and FEM simulated (c) tensile stress-strain curves of
coarse-grained Cu showing the gauge length L effect. The tensile specimens have a
thickness T of 250 wm. The different values of L are indicated in the figures.

width is fixed at 2.0 mm and the fillet or curvature radius is 3.0 mm
for all samples. Four gauge lengths of 1.0, 2.0, 4.0 and 10.0 mm were
investigated at a constant T of 250 wum and four specimen widths
of 250, 500, 800 and 2000 pm were investigated at a constant L
of 1.0 mm. In order to maintain the analysis tractable, we consid-
ered a material of ideal bi-linear constitutive behavior with the
stress—strain curve displayed by Fig. 2b. The yield strength of the
model material was taken as 44 MPa with an elastic modulus of
110 GPa, and a strain-hardening modulus, representing the slope of
the second plastic portion of the stress—strain curve, of 100 MPa as
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Fig. 5. Thickness T (a) and gauge length L (b) effects on elongation to failure &,
uniform elongation &, and post-necking elongation &pe of the CG Cu with L=1mm
and T=250 pm, respectively, as indicated in the figures.

measured experimentally. This ideal bi-linear material was used as
the input for the FEM modeling and we assumed that the left end
of the specimen was fixed with a velocity load applied to the right
end. In this study we compared two ways of measuring elongation
of the specimen Al: using the crosshead displacement as in the
experiments and using the gauge length elongation.

The ABAQUS software was used to perform the FEM simulations.
The surface topography of the tensile specimens was established
using a Nanoscope®Illa Scanning Probe Microscope operating in a
tapping mode. The fracture surface observations were performed
using an FEI XL-30 SFEG Scanning Electron Microscopy (SEM) oper-
ating at a voltage of 25 kV.

3. Results
3.1. Strain derived from crosshead displacement

3.1.1. The results in tension

Fig. 3 shows the experimentally measured engineering (Fig. 3a)
and true (Fig. 3b) stress—true strain curves as well as the FEM
simulated true stress-true strain curves (Fig. 3c) of the Cu sam-
ples with the strain derived from the crosshead displacement
with an L of 1.0mm and, as indicated, different values of T.
The experimental true stress-strain curves (Fig. 3b) were trans-
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Table 1
The thickness T effect on uniform elongation &, the post-necking elongation &p.
and elongation to failure & of the CG Cu.

T(p,m) Eef (%) Epe (%) gef(%)
250 188 34 154
350 205 41 164
770 241 64 177

2100 302 110 192

Table 2

The gauge length L effect on uniform elongation ., the post-necking elongation &,
and elongation to failure & of the CG Cu.

L (mm) Lq (mmq) Eef (%) gpe (%) Eue (%)
1 1 188 34 154
2 0.5 112 17 95
4 0.25 69 6 63
10 0.1 46 5 41

ferred from the engineering stress-strain curves (Fig. 3a). For all
samples, both experimental and FEM simulation revealed large
uniform deformation accompanied by evident strain hardening in
the CG Cu in tension leading to a large overall tensile ductility or
elongation to failure. This behavior is typical for coarse-grained
face-centered cubic (f.c.c.) metals due to their high dislocation
storage capability. Specifically, with increasing thickness both
the necking portion (post-necking elongation) and the strain-
hardening part (uniform elongation) in the stress-strain curves
of the CG Cu are prolonged to a higher strain resulting in a
larger overall ductility (Fig. 3a and b). However, there is no thick-
ness effect on the yield strength or the strain-hardening rate of
Cu within the thickness range studied in these experiments. All
samples have yield strengths of about 44 MPa and similar strain-
hardening rates. The results of the FEM simulations reveal thickness
effects which correspond closely to those observed experimentally
(Fig. 3c).

The gauge length effects on the experimental engineering (4a)
and true (4b) stress-strain curves and the FEM simulated true
stress—strain curves (4c) of CG Cu with a T of 250 pm are shown in
Fig. 4. Areduction in gauge length prolongs the stress—strain curves
to higher fracture strains or higher apparent ductility primarily by
prolonging the uniform elongations. Moreover, with decreasing L,
the rate of strain hardening decreases. However, the yield strength
remains independent of L with a constant value of about 44 MPa for
all samples. It is evident that the FEM simulations and the experi-
mental results are consistent with each other.
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Fig. 6. Tensile fractured specimens with L=1 mm and different thicknesses (a), and
T=250 wm and different gauge lengths (b), as indicated in the figures.

Table 3
The thickness T effect on shear fracture angle 6 and area reduction RA of
Cu.
T(m) 0(°) A(%)
250 58 90
350 85 91
770 83 95
2100 81 96
Table 4
The gauge length L effect on shear fracture angle 6 and area reduction RA of Cu.
L (mm) L' (mm™1) 0(°) A(%)
1 1 58 90
2 0.5 62 93
4 0.25 65 91
10 0.1 59 93

The uniform elongation ¢, can be determined using the Consid-
ére’s criterion [53] governing the onset of localized deformation:

do
£)-

The elongation to failure &, £4e and the post-necking elongation
Epe (=£ef— &ue) of CG Cu are shown in Fig. 5a and b as a function
of T and L and listed in Tables 1 and 2, respectively. From Fig. 5a,
the effect of specimen thickness (T) on elongation to failure can be
principally attributed to its effect on the post-necking component.
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Fig. 7. Thickness (a) and gauge length (b) effects on fracture surface area reduction
and shear failure angle of the CG Cu with L=1mm and T=250 pm, respectively, as
indicated in the figures.
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Fig. 8. SEM images of the fracture orientations of the CG Cu withL=1 mm and T=250 pm (a-c), and with L=1 mm and T=2100 wm (d-f), respectively. (b) and (e) are magnified
images of (a) and (b) near fracture, respectively. (c) and (f) are magnified images of (a) and (b) near gauge corner parts marked by “c” and “f”, respectively. Evident deformation

is found to occur in the gauge corner parts.

By increasing T from 250 pm to 2100 m, &pe increases significantly
from 34 to 110%, and &, increases from 154 to 192% resulting in an
overall increase in &,; from 188 to 302%. However, from Fig. 5b the
variation of the uniform elongation versus L reveals a dominant
contribution to the overall variation of the elongation to failure. By
decreasing L from 10 to 1 mm, &, is increased from 46 to 188% with
a dominant contribution from &, (increased from 41 to 154%) and a
minor contribution from &pe (increased from 5 to 34%). All values of
&ef, Eue and &pe Teveal a consistent proportional relationships with
L—]

3.1.2. The fracture surface morphology and fracture mode

In order to understand the above specimen size and geometry
effects on the tensile behavior of the CG Cu, it is necessary to crit-
ically examine the failure characteristics. Fig. 6 shows the tensile
fractured samples with L=1mm and different values of T (Fig. 6a)
and with T=250 pm and different values of L (Fig. 6b). From Fig. 6a
it is seen that the specimen thickness critically influences the frac-
ture mode. With increasing thickness, the fracture mode of the CG

Cu changes from shear to normal tensile fracture. However, from
Fig. 6b it is seen that the gauge length has no apparent influence on
the shear fracture mode of the CG Cu with T of 250 pm.

We also performed detailed SEM observations on the size effect
of the fracture mode as well as the fracture surfaces. The T and L
effects on the shear fracture angle, 9, between the fracture plane
and the loading axis are plotted in Fig. 7 from the SEM observations
and they are listed in Tables 3 and 4, respectively. It is evident that
the shear fracture angle increases from 58° to 85° with increasing
T from 250 to 350 wm (Fig. 7a) but thereafter it remains unchanged
with increasing T up to a value of 2.1 mm. On the other hand, 6
remains constant at approximately 58-65° when L varies from 1
to 10 mm with T=250 pm (Fig. 7b). These results demonstrate that
thinner samples are more susceptible to shear failure and that the
gauge length has no evident influence on the failure mode.

Fig. 8 shows some typical side-view SEM images of fractured
tensile specimens at different magnifications with L=1mm and
T=250 pm (Fig. 8a-c) and with L=1mm and T=2.1 mm (Fig. 8d-f),
respectively. It is evident that, with the exception of the shear frac-
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Fig.9. SEM images of the fracture surfaces of the CG Cuwith L=1mm and T=250 pum (a and b), and L=1mm and T=2100 wm (c and d), respectively. (b) and (d) are magnified
images of (a) and (b) to show dimple size and morphology in the fracture surfaces, respectively.

tures (Fig. 8a), the pre-polished specimen surfaces become irregular
after tension and the extent of the surface irregularities increase
with increasing T and in areas closer to the fracture point (Fig. 8a
and d). Multiple slip bands are visible at high magnifications with
band-to-band distances of several micrometers from areas near the
fracture point (Fig. 8b and e) to the gauge corners (Fig. 8c and f),
as highlighted by the arrows. The original equiaxed grains with an
average size of about 50 wm are elongated significantly upon plastic
deformation by slip and, in addition, different grains with different
orientations coalesce giving rise to uneven surfaces. The rougher
surfaces in the thicker specimens suggest a larger deformation,
where this is consistent with the measured higher ductilities.

The Tand L effects on the surface area reduction, RA%, as obtained
from SEM results are also plotted in Fig. 7 and listed in Tables 3 and 4,
respectively. It is evident that RA% increases slightly from 90 to 96%
by increasing T from 250 to 2100 pm (Fig. 7a) whereas RA% remains
unchanged at approximately 90-93% when L varies from 1 to 10 mm
and T=250 pm (Fig. 7b). These results suggest that thicker samples
are susceptible to necking and a larger RA% value but the gauge
length has no evident influence on the necking behavior.

Fig. 9 shows typical SEM images of the fracture surfaces of
the tensile specimens with L=1mm and T=250 um (a and b) and
L=1mm and T=2.1 mm (c and d), respectively. It appears that the
change in tendency towards necking with T originates from the
specimen geometry or more specifically from the T/W ratio. For
thin, sheet-like specimens where T/W is small, necking occurs pri-
marily along the direction of T (Fig. 9a); but when T/W is close to
unity or T is comparable to W, necking occurs in both the W and
T directions (Fig. 9¢). A close examination of the SEM images indi-
cates that when T=2.1 mm necking reduces the thickness and the
width by 80% resulting in an RA% of 96%. When T =250 pm, necking
reduces the thickness by 87% but the width only by about 25% to
give a value for the RA% of 90%. Large necking at T=2.1 mm leads
to a rougher cross-sectional surface and a larger necking length
in the tensile direction (Fig. 8a and c), giving rise to a prolonged

post-necking strain in the stress-strain curves (Fig. 3). Fig. 9b and d
shows the magnified fracture surfaces for specimens with L=1 mm
and T=250 pmand L=1mmand T=2.1 mm, respectively. Elongated
dimples are observed in thinner specimens caused by shear frac-
ture in contrast with the rounded dimples in thicker specimens as
a result of normal fracture.

3.2. The strain measured from the gauge section

From the above experimental and FEM results, it is apparent that
the strain derived from the crosshead displacement is significant
affected by the specimen dimensions (both thickness and gauge
length). It is usually considered that the gauge length of ASTM stan-
dard tensile specimen affects only the post-necking elongation and
hence there should be no influence on the uniform elongation prior
to necking. Therefore, it is possible that the experimental effects of
specimen dimensions on uniform elongation may be caused by an
error in strain on the basis of the crosshead displacement. To clar-
ify this problem, FEM simulations were undertaken to establish the
effect of the specimen dimensions using strain values determined
from the gauge length elongations.

Fig. 10 shows the FEM results of the thickness T effect on the
true stress-strain curves of the CG Cu with the strain measured
from the gauge length elongation with L=1mm. It is apparent
that the uniform elongation is independent of T and, furthermore,
that T has influence only on the post-necking elongation. The error
(ecy — €ce)/€ce in the strain measurement based on the crosshead
displacement (ecy) relative to that from the gauge length elonga-
tion (egg) is shown in Fig. 10(b) and it is apparent that the error may
be as large as four times the value of egg.

Fig. 11 shows the FEM results of the effects of the gauge length L
on the true stress-strain curves of CG Cu with the strain measured
by the gauge length elongation and T=250 pm. These plots show
that the uniform elongation is also independent of L and, as with
T, L influences only the post-necking elongation. Fig. 11(b) shows
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Fig. 10. (a) FEM simulated results of the thickness T effect on true stress-strain
curves of the CG Cu with strain measured by gauge length elongation and L=1 mm.
The different thicknesses are indicated in the figure. (b) Error (¢cy — €6g)/€ce of using
crosshead displacement to calculate strain ecy compared with using gauge length
elongation to calculate strain ecg.

the error (ecy — &gg)/€ce for using ecy compared with using ecg.
Thus, the error increases with decreasing L and may be as large as
three times the value of 5. Nevertheless, even for the situation of
L=10 mm, the error remains at about 10% of e¢E.

4. Discussion
4.1. Strain measurements using the gauge length elongation

On the basis of the above results, if the strain is determined using
the gauge length elongation, the specimen thickness and the gauge
length affect only the post-necking elongation which increases with
increasing T and decreasing L. The effect of T may be explained by a
change in the failure mode of the CG Cu specimens as a function of
specimen thickness and this may be further understood with assis-
tance from the FEM results shown in Fig. 12. When specimens with
L=1.0mm are pulled to an engineering strain of about 175%, one
pair of conjugated localized shear bands appears at the gauge cen-
ter of the sheet-like specimen (T/W ratio very small) as shown in
Fig. 12(a). When T is 250 p.m, the shear band-like structures com-
bine to form a singular shear band on the upper plane of the gauge
section as illustrated in Fig. 12(b). The shear angle with respect to
the tensile direction is about 50°, agreeing approximately with the
experimental value of ~58° for CG Cu with T=250 wm. From the

(@) 300 ——————r

T=250 pm
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0.1;.I||..I|1.|I|..;I....I....
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True strain (%)

b)
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(eeyeeelece (%)

100
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Fig. 11. (a) FEM simulated results of the gauge length L effect on true stress—strain
curves of the CG Cu with strain measured by gauge length elongation and T=250 pm.
The different gauge lengths are indicated in the figure. (b) Error (ecy — &cg)/€ce of
using crosshead displacement to calculate strain ecy compared with using gauge
length elongation to calculate strain &gg.

equivalent plastic strain (PEEQ) distribution at the side plane of
the gauge region, it is seen that shear deformation occurs only in
the upper plane of the gauge section. However, when T is equal to
800 and 2000 pm, shear deformation is also observed on the side
plane of the gauge region as shown in Fig. 12(c) and (d). The inter-
action of the two series of shear bands at the upper and side planes

L=1 mm, T=0 ym

PEEQ
(Avg: 75%)

L=1 mm, T=250 um

(b)
L=1 mm, T=2000 pm

Fig. 12. FEM results on thickness (a-d) effects on the equivalent plastic strain (PEEQ)
distribution in the specimens. Parts (a)-(d) show the PEEQ distributions of the
specimens with L=1mm and T equals to 0, 250, 800 and 2000 p.m at about 175%
engineering strain.



76 Y.H. Zhao et al. / Materials Science and Engineering A 525 (2009) 68-77

T=250 pm, L=1 mm T=250 pm, L=2 mm
WTaT e e
(a) (b)

PEEQ
(Avg: 75%)
+7.04%e-01
+6.462¢-01
+5.8740-01
+5.287e-01
+4.699e-01
+4.112¢-01
+3.525e-01
+2.937e-01
+2.350e-01
+1.762e-01
(C) +1.17%e-01
+5.874¢-02
+0.000e+00

T=250 um, L=4 mm

Fig. 13. FEM results on gauge length (a-c) effects on the equivalent plastic strain
(PEEQ) distribution at the specimens. Parts (a)-(c) show the PEEQ distributions of
the specimens with T=250 wm and gauge lengths of 1, 2 and 4 mm at a maximum
PEEQ of about 0.7.

leads to a more complex stress state within the thicker specimens,
thereby giving rise to the experimentally observed normal fracture
mode.

These observations agree well with the SEM observations on
the fracture mode and fracture surface morphology as shown in
Figs. 6-9. In addition to the specimen geometry limitation on the
necking response, the presence of surface defects, such as surface
roughness and a localized deformation layer caused by grinding,
may also contribute to the thickness effect in both the uniform and
post-necking strain. This is because the proportional influence of
the surface layer increases with decreasing thickness. For the CG Cu,
the decreased number of grain layers across the thickness direction
may also contribute to the thickness effect because the large grain
size of 50 wm is comparable to the small specimen thickness.

The gauge length effect on the post-necking elongation may
be explained using the definition of the contributions to the total
elongation Al that defines the engineering strain:

Al= Al + Al + Al 2)

where Al; is the elastic elongation, Al, the uniform plastic elonga-
tion and Als the plastic elongation by necking. For the CG Cu, the
contributions from Al; are usually negligible. The post-loading SEM
observations suggest that the gauge length has no evident effect on
the failure mode and necking process, as further verified by the
FEM results shown in Fig. 13. The necking area is about 2.0 mm in
width which is the same as the width of the specimen. These results
imply that Al; is independent of gauge length. Therefore, the post-
necking component Als/ly is inversely proportional to initial gauge
length ly. This is further confirmed on the basis of the results shown
in Fig. 5b. Both &,r and &pe of the CG Cu exhibit linear relationships
with lal .By extrapolating the ep and g,fversus 161 curves to lal =0,
itis found that gpe ~ 0 and g.¢~ 30% (&ye). This means that an infinite
Ip tends to nullify the post-necking strain so that the failure strain
is then equal to the uniform strain.

4.2. The error in strain from the crosshead displacement

The preceding results show that the strain derived from the
cross-head displacement shows a significant dimensional influence
on the uniform elongation of the CG Cu: specifically, the uniform
elongation increases with decreasing gauge length and increas-
ing specimen thickness. However, FEM simulations verify that this
effect of the specimen dimension on the uniform elongation is
caused by the error in the strain measurement. This error in the

measured global strain has two sources: one is from the machine
compliance of the loading frame, Aly, and the other is from the
deformation of the gauge corner region, Als, so that Eq. (2) is
replaced with

Al= Al + Al + Al + Aly + Als 3)

As shown in Fig. 8, the specimen surface at the gauge corner
region also becomes rough and at higher magnification multi-slip
events occur in the corner part (Fig. 8c and f). This is further con-
firmed by the FEM results in Figs. 12 and 13. Relatively high PEEQ
strain is also identified in the corner region. The strain contribution
from the deformation of the gauge corner region (with elonga-
tion Als) should be increased with increasing thickness, resulting
in an increased uniform elongation versus thickness (Fig. 3). It is
noted that Al is a constant for a given machine and material (CG
Cu) and increasing the gauge length can mitigate the strain error
and cause a decrease in uniform elongation with increasing gauge
length (Fig. 4).

It is evident that strain measurements can be accurately estab-
lished by using extensometers of various types. For small samples,
special techniques based on laser interferometry have been devel-
oped [59,60]. Alternative methods include the application of a
digital image correlation (DIC) technique which is now becoming
increasingly popular in experimental micro-/nano-mechanics [61].
The advantage of DIC resides in its dynamic and two-dimensional
nature as well as its resolution.

Since the present testing and simulation results relate to CG
Cu, it is important to assess the applicability of these results to
nanostructured materials. As discussed in the introduction, CG Cu
was selected as a model material because it displays a large uni-
form elongation which makes it easier to study the size effect
on ductility and especially the uniform elongation. By contrast,
nanostructured materials processed by severe plastic deformation
were not selected for this investigation because of their small
uniform elongations which make it difficult to evaluate the size
effect. Despite these limitations, earlier work on nanostructured Cu
revealed a similar trend whereby the uniform elongation decreased
with decreasing specimen thickness and increasing gauge length
when strain was measured from the crosshead displacement (see,
for example, Fig. 2 of reference [51]). The post-necking elongation
and the elongation to failure decrease evidently with decreasing
specimen thickness and increasing gauge length. Thus, these results
are in good agreement with the present results obtained from the
FEM simulation and experiments using CG Cu. In addition, a sim-
ilar size effect in which the elongation to failure decreased with
decreasing specimen thickness was reported also in a nanocrys-
talline NiFe alloy prepared using an electrodeposition method [55].
Based on this evidence, it is reasonable to anticipate that the present
conclusions, although derived from CG Cu, are equally applicable to
nanostructured materials.

5. Conclusions

1. In the absence of accurate strain measurement techniques in
tension, such as digital image correlation technique or laser
interferometry, the strains derived based on the crosshead
displacement may contain serious errors depending on the spec-
imen geometry and size. Thus, both the uniform elongation
and the post-necking elongation increase with decreasing gauge
length and increasing specimen thickness.

2. The experimental errors in strain measurements from the
crosshead displacement are attributed to the contributions of
machine compliance of the loading frame and gauge corner
deformation, where the latter increases with increasing thick-
ness and decreasing gauge length.
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3. The strain measured from the gauge length elongation is influ-
enced by the specimen dimensions so that the post-necking
elongation increases with decreasing gauge length and increas-
ing specimen thickness.

4, The results show that the strain is most readily measured from
the gauge length elongation and the extent of uniform elonga-
tion should be used for comparisons of the tensile ductilities of
materials having different dimensions.

5. The results demonstrate it would be advantageous to develop an
experimental protocol for testing miniature dog-bone specimens
that can be adopted throughout the materials science commu-
nity. This would minimize measurement errors and provide an
opportunity for making meaningful comparisons of experimen-
tal data from different laboratories.
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