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Abstract—The response to cyclic deformation has been studied for Cu/Cu multilayer material consisting of columns of closely
spaced, parallel nanotwins. The fatigue life under stress-controlled cycling is greatly improved over that of coarse-grained Cu.
Nanotwinning provides significant strengthening, which is unchanged by fatigue or severe compression. Observations by focused
ion beam microscopy showed that the microstructure is quite stable under deformation. Localized deformation from indentation
produced shear bands and apparently some loss of nanotwinned area but no decrease in hardness.

© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Introduction

The early enthusiasm generated by the confirmation
of significant Hall-Petch strengthening [1,2] in metals
with grain size in the nanocrystalline range
(<~100 nm) was quickly tempered by observations of
the brittle nature of this class of materials, their frequent
microstructural instability under stress, and their lower
electrical conductivity [3-5]. In contrast, extensively
nanotwinned Cu has been shown not only to be stronger
than coarse-grained copper, but also to be thermally sta-
ble, reasonably ductile and having good electrical con-
ductivity [4,6-9]. Hodge and colleagues [10,11] have
carried out extensive characterization of the behavior
under tensile deformation of high-purity Cu consisting
of parallel twins with twin interface spacing in the range
of a few tens of nanometers. In the present study, we
examine the results of time-dependent stress, compres-
sion and highly localized stress on this material.

Experimental details

Nanotwinned Cu was produced by magnetron sput-
tering multiple layers of ultrahigh-purity (99.999%) Cu
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on (100) Si wafers. The results are columns, perpendic-
ular to the growth direction, of aligned twins separated
by (111) interfaces. The spacing between the parallel
twin interfaces can be varied by adjusting the sputtering
time spent on each of the two Cu targets. (Details of the
synthesis process are given in Refs. [10,11]). The copper
samples used in the present study all came from one
deposition. The thickness of the sputtered copper,
178 um, was sufficient to allow it to be carefully removed
from the Si wafer and handled as a free-standing foil.
Strength estimates were made from measurements of
the Vickers hardness on the As-deposited material and
after compression testing. The hardness measurements
were made with a 100 g load and dwell time of 5s.
Dog-bone samples for tension—tension fatigue testing
were cut from the wafer, initially using a template, steel
blade and carbide deburring tool. This method left edge
defects, and so a change was made to cutting by electro-
discharge machining (EDM). Any rough edges or
scratches visible under an optical microscope were pol-
ished with a series of diamond suspensions and alumina
slurries to a submicrometer finish. The gage length for
all tension—tension fatigue samples was 6.7 mm and
the width was ~3 mm. The thickness of the samples
was about 170 pm. Samples were fatigued in tension—
tension in an MTS 810 servohydraulic testing machine.
A special grip which facilitated alignment of these
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samples was used to prevent bending during loading of
the samples. The first test, of a sample cycled with a
maximum stress of 372 MPa, was carried out with a fre-
quency of 1 Hz, but a frequency of 10 Hz was used for
all subsequent tension—tension tests. All fatigue tests
were conducted with a stress ratio (6min/0max) Of 0.1.

For compression testing, 3 mm discs were cut from
the Cu/Cu wafer by EDM. The edges and flat surfaces
of the discs were polished to a 1 um finish. Samples were
placed between two polished WC platens which were
lubricated with Dry Moly® and 3-in-One™ oil. Three
samples were compressed at a rate of 107> s™! to engi-
neering stresses of 863, 1800 and 3840 MPa. These com-
pression tests were performed on a Sintech 20/G
servoelectric load frame. In addition, one of the Cu/
Cu foils was fatigued on the MTS 810 servohydraulic
machine between —56 and —560 MPa for 5000 cycles
at 10 Hz.

The effect of a highly localized stress on the internal
structure of the Cu/Cu material was examined by
indenting a sample with a Vickers microhardness inden-
ter applied at 2000 g for 5.

To observe the effects on the internal structure caused
by the various modes of deformation imposed on the
nanotwinned Cu, transverse cuts were milled out with
a focused ion beam (FIB) using a FEI Helios Nanolab
600 instrument. The microstructure of the cut region
was imaged using ion channeling contrast with a very
low current (30kV, 9.7 pA) ion beam and an Ever-
hart-Thornley (E-T) detector. Dislocation activity was
studied from transverse electron-transparent foils made
and thinned by the FIB. The transmission electron
microscopy (TEM) foils were examined in a JEOL
2100 FasTEM operating at 200 kV.

Results

The dependence of fatigue life Ny on the cyclic stress
range (Gmax—0min) 18 plotted in Figure 1. The two sam-
ples fatigued at the highest stress levels showed some
necking; failure occurred in the gage length. For all
other failed samples the failure took place close to one
of the grip ends, possibly due to sample alignment diffi-
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Figure 1. Plot of tensile stress range vs. cycles to failure for the Cu/Cu
nanotwinned samples. Also shown is a similar plot for coarse-grained
Cu (from Ref. [12]).

culties or the complex stress state in this region. Also
shown in Figure 1 is an analogous S-N plot for high-
purity coarse-grained Cu [12]. It can be seen that the de-
crease in the microstructural length scale provided by
the nanotwins greatly improves fatigue life. While this
difference in fatigue life is obvious in the high stress
range part of the curve, even at the lower stresses the dif-
ference can be seen to be considerable when the numbers
of cycles to failure at a given stress range are compared
for the two microstructures. For example, at a stress
range of 150 MPa, Figure 1 predicts that the nanotwin-
ned Cu should last about 10 million cycles longer than
the coarse-grained Cu.

The As-deposited Cu/Cu multilayer disc had a mir-
ror-like surface on the face that was in contact with
the substrate during deposition and a dull surface on
the other side. The dull surface could easily be polished
to a mirror finish with 3 pm diamond paste followed by
one of 1 um. Hardness measurements on the two sides
revealed a considerable difference. The Vickers hardness
on the substrate side was 1.1 GPa while that on the
other side was 1.9 GPa. The corresponding penetration
depths (1/7 indenter diameter) were 4.2 and 5.7 um with
the same load of 100 g and 5 s dwell time. Both surfaces
were further polished and their hardness remeasured. A
removal of approximately 15 um from the harder side
did not change its hardness value, whereas polishing
off ~15 to 20 um from the substrate side increased the
hardness from 1.1 to 1.8 GPa.

Transverse cuts were milled out close to the two sur-
faces by a FIB. The internal structure in these regions
was imaged using ion channeling contrast with a very
low current ion beam (30 kV, 9.7 pA). Figure 2a and b
shows the ion beam images for the soft and hard sides
of the As-deposited Cu/Cu foil. As can be seen from
the images, the structure changes dramatically from
non-columnar near the soft side (Fig. 2a) to highly ori-
ented nanotwinned columns on the hard side with twin
interfaces perpendicular to the growth direction
(Fig. 2b). For all FIB images, the top of the image is
at, or very close to, the sample surface; the bottom of
the image is in the sample interior.

The FIB images for the hard side of an As-deposited
sample (Fig. 2b) show two basic types of columns. A few
columns contain a number of approximately equiaxed
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Figure 2. FIB images showing the transverse microstructure of (a) the
soft (substrate) side; (b) the hard side (free surface during deposition)
of an As-deposited Cu/Cu multilayer sample.
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Figure 3. FIB images showing the transverse microstructure taken
from the harder surface of Cu/Cu multilayer samples subjected to
tension—tension fatigue with a maximum stress of (a) 187 MPa; (b)
372 MPa; (c) 450 MPa. All images were taken close to the fracture site.
The tensile stress axis was parallel to the twin interfaces.

grains, but most columns are 100% twinned with
straight twin interface boundaries normal to the growth
direction. The boundaries between columns also are
straight. Some of the twinned columns show some inter-
lacing or fragmentation of the column boundaries. A
few columns here and in subsequent FIB images appear
blank or only faintly show the underlying microstruc-
ture. These regions were probably not oriented as well
as other areas with respect to the ion beam for good
channeling contrast or may have ion-induced surface
amorphization. Figure 2a shows that the substrate or
soft side of the sample consists of non-columnar grains
with a wide range of sizes less than a micrometer to sev-
eral micrometers in one or more directions.

FIB images (Fig. 3a—c) were prepared from transverse
cuts of samples cycled in tension—tension fatigue at max-
imum stresses of 187, 372 and 450 MPa. All cuts were
made near the fracture site from the hard, highly
twinned surface of the samples. The applied stress acted
parallel to the twin interfaces. As can be seen from a
comparison of these images with Figure 2b, the twinned
microstructure is quite stable, even under the highest fa-
tigue stress. There is little change or only a slight de-
crease in the spacing between the twin interfaces.
However, there is some fragmentation of the columns
and conversions of twinned columns into irregular col-
umns of equiaxed grains, especially evident in the case
of the sample fatigued at the highest stress level of

Table 1. Summary of compression tests.

450 MPa. The straight columns of the As-deposited
material give way to irregularly shaped, elongated re-
gions with the twin interfaces approximately perpendic-
ular to their long axes.

A summary of the results of the compression tests
and post-compression hardness measurements is given
in Table 1. The surfaces of samples Comp2 and Comp3,
which were compressed to engineering stresses of 1800
and 3840 MPa, respectively, were broken into a mo-
saic-type structure with flat regions completely sur-
rounded by cracks. These flat regions were chosen for
the hardness measurements and for subsequent trans-
verse ion beam imaging. The hardness values measured
on both sides of samples Compl and 2 after compres-
sion were unchanged from those of the As-deposited
material. Hardness measurements could not be made
on the most highly stressed sample, Comp3, because it
was dome-shaped after compression as a result of resid-
ual stresses. Hardness was also measured on sample
Comp4, which had been cycled between compressive
stresses of —56 and —560 MPa for 5000 cycles. Note
that the stress axis in the Comp samples acted perpen-
dicular to the twin interfaces rather than parallel to
them, as in the case of tension—tension fatigue.

Ion beam images of samples Comp2 and Comp4 after
testing are shown in Figure 4a and b. In the case of the
sample fatigued in compression for 5000 cycles (Comp4,
Fig. 4a), the column boundaries remained smooth but
some columns are split as the twin interfaces came out
of registry. This splitting is also seen in the highly com-
pressed Comp2 sample (Fig. 4b). Here the column
boundaries have become quite irregular.

To examine the effect on the microstructure of a com-
plex stress, an indention was made on the hard surface
of an As-deposited sample by a Vickers microhardness
indenter under a load of 2000 g for 5s. As before, the
hardness value was found to be 1.8 GPa. The diameter
of the indentation at the surface was 144 um, giving a
penetration depth of 21 um. The indented surface was
then polished to bring the tip of the indented region
within easy range for a transverse FIB cut and viewing.
Figure 4c shows an ion beam image near the bottom of
the indented region. The dark band across the top of the
cut is a layer of platinum that was deposited to protect
the sample surface and minimize curtaining effects dur-
ing ion milling. Figure 4c is centered on a region a little
to one side of the line followed by the indenter tip (indi-
cated by an arrow). Changes to the initially highly
twinned columnar microstructure are quite evident. A
shear band runs from the indented tip region roughly
60° with respect to the vertical line of the indenter. A
vertical column of equiaxed grains has formed directly

Sample Test (MPa) Diameter change (%) Hardness (GPa) soft side® Hardness (GPa) hard side®
As-Is - - 1.1 1.9

Compl Compressed to 863 2 1.1 1.7

Comp2 Compressed to 1800 13 1.2 1.8

Comp3* Compressed to 3840 35 - -

Comp4 Fatigued, 5000 cycles (—56 to —560) 1.1 1.8

#Sample was dome-shaped after testing.
® Post-testing hardness values.
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Figure 4. FIB image of a transverse cut made on the hard side of a Cu/Cu multilayer sample (a) after fatiguing through 5000 cycles between —56 and
—560 MPa (Comp4); (b) after compressive loading to 1800 MPa (Comp2); (c) near the bottom of an indent. The arrow shows the position of the

indenter. In (a) and (b) the stress is perpendicular to the twin interfaces.

under the indenter tip. A large region is visible in the
left-hand portion of Figure 4c that clearly consists of
equiaxed grains. The twinning has become indistinct in
some regions, but there is insufficient evidence at present
to determine the cause of this change. The process by
which some regions of the material lose their nanotwin-
ned structure under deformation is important and merits
further study.

Transmission and high-resolution electron micros-
copy observations were made of thin foils prepared by
FIB (pictures not shown because of space limitations).
Dislocations are seen in the interiors of twins in de-
formed samples that extend from a twin boundary to
the adjacent boundary, but do not travel into the next
twin. There is an indication of high stresses in the vicin-
ity of the twin interfaces. Some interfaces bend. There
are incoherent regions along them, a few nanometers
in height. Evidence of detwinning is seen in the sample
subjected to indentation.

Discussion

FIB microscopy has proven to be an invaluable tool
for examining the effect of deformation on the trans-
verse microstructure of the Cu/Cu multilayer samples.
Sufficient areas can be scrutinized to determine varia-
tions in internal structure: twinned columns, other col-
umns with equiaxed grains, shear bands. The
technique allows for sectioning at well-specified regions,
such as through an indentation.

The Cu/Cu multilayer samples present several length
scales. The spacing between twin interfaces in the heavily
twinned columns is some tens of nanometers. In the case
of columns that are not closely twinned but instead con-

tain equiaxed grains, the average size of these grains is in
the ultrafine grain (submicrometer) range. The width of
the columns, and thus the width of the twin interfaces,
is about a micrometer or slightly less. Another length
scale is the column length. This last length has not been
determined in the current study but it is obviously much
larger than any of the other length scales since most of
the columns were at least as long as the depth of the
FIB sections that were cut for imaging.

Several investigators have studied the influence of the
spacing between twin interfaces on strength, similar to
the strengthening effect of ordinary grain boundaries
[13,14]. Twinning also has been used to explain in-
creased ductility in Cu with nano-length-scale micro-
structure. The width of the twin interface boundaries
may be an important parameter for controlling ductility
[6,15].

The significant strengthening provided by the nano-
twinned microstructure of the Cu/Cu samples is demon-
strated by comparing the hardness of the substrate
surface and the surface that remained free during depo-
sition. These values were 1.1 and 1.8 GPa, respectively,
close to a 50% difference. The transverse FIB images
of Figure 2a and b show roughly equiaxed grains of a
size 1 um or greater on the substrate side, and on the
harder side closely spaced nanotwins, arranged in col-
umns, with the twin interfaces parallel to the sample sur-
face. Further evidence of the strengthening offered by
the nanotwinned microstructure is the increase in hard-
ness of the substrate side up to that of the harder surface
once the layer of equiaxed grains is polished away.

The fatigue behavior of the nanotwinned Cu/Cu mul-
tilayer materials is considerably improved over that of
coarse-grained Cu. This is to be expected in stress-con-
trolled cycling, where strength is important. Tests run
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in strain-control are not likely to be so favorable for the
multilayer material, since ductility rather than strength
is needed here [16].

The TEM and high-resolution electron microscopy
(HREM) pictures show that the twin interface bound-
aries are effective in stopping dislocations and prevent-
ing them from continuing through the material, as was
previously observed by Dao et al. [6]. In the samples
subjected to tension-tension or compression—compres-
sion fatigue or simple compression, the applied stress
was either parallel or perpendicular to the twin inter-
faces. In the case of indentation the stress state was more
complex with shear components. A shear band formed
at roughly 60° with respect to the vertical line of the in-
denter (Fig. 4c). Appreciable areas have changed from
nanotwinned regions to a roughly equiaxed microstruc-
ture in the indented sample. Cycling with a shear com-
ponent parallel to the twin interface should be of
interest.

The nanotwinned microstructure not only has supe-
rior strength, it also provides stability, unlike equiaxed
nanocrystalline Cu that quickly undergoes large grain
growth under stress [5,17]. The hardness of the Cu/Cu
material undergoes no noticeable decrease even under
the most severe deformation used in this investigation.
As Figures 3 and 4 show, the columns may become a lit-
tle wobbly and the nanotwins of a few columns be re-
placed by equiaxed grains but the spacing of the twin
interfaces remains the same or even decreases slightly.

Summary and Conclusions

A study has been carried out on the effect of cyclic
deformation on Cu/Cu multilayer material consisting
of columns of closely spaced, parallel nanotwins.

e High purity nanotwinned Cu is much more stable
under deformation than equiaxed nanocrystalline Cu.

e The fatigue life of the nanotwinned Cu under stress-
controlled tension-tension cycling is much improved
over that of coarse-grained Cu.

e [t was found that the nanotwinned microstructure is
~50% stronger than a structure made up of microm-
eter-sized equiaxed grains.

e Although transverse images observed by FIB micros-
copy showed that fatigue and severe compression
produce changes to the columnar structure, including
conversion of some columns from nanotwins to
equiaxed grains, no change in hardness was detected.
The nanotwinned structure is quite stable under
deformation.

e Highly localized deformation from a microhardness
indenter produced shear bands and changed some
previously nanotwinned regions to roughly equiaxed
microstructures, although not enough to affect the
hardness.

e TEM and HREM pictures from FIB-produced foils
from transverse cuts showed dislocations traversing
twins but stopped by the twin interface boundaries
from penetrating into neighboring grains.
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