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Initial eﬀorts to friction-stir weld (FSW) Cu–Nb nanolamellar composite plates fabricated via accumulative roll bonding are reported
in this study. Parent material layers within the composite were nominally 300 nm and exhibited a hardness of 2.5 GPa. After FSW,
two types of microstructures were present: a reﬁned layered structure, and an equiaxed nanocrystalline microstructure with grain
diameters on the order of 7 nm. The type of microstructure was dependent on location within the FSW nugget and related to varying
amounts of strain. Material hardness increased with reﬁnement, with the equiaxed microstructure reaching a maximum hardness of
6.0 GPa.
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Nanolamellar Cu–Nb bimetallic composites have been
extensively studied due to their signiﬁcantly higher
strength and radiation damage tolerance as compared
with their bulk counterparts.[1–7] These improvements
are reported to increase as the layer thickness (h)
decreases to the nanometer (nm) scale with a maximum
strength occurring around a thickness of 2 nm.[2] These
properties are reported to emanate from a combination
of heterophase interface character (ω) and density (ρ),
with the strength largely dominated by ρ.[5,6] Cu–Nb
nanolamellar bimetallic composites have been studied for
materials produced via two fabrication routes: physical
vapor deposition (PVD) [4] and accumulative roll bonding (ARB).[8–10] While the PVD method can currently
only produce a small volume of laboratory scale material,
the ARB process allows the production of much larger
volume, engineering-scale quantities of material.[5,9]
Previous studies indicate that ρ can be controlled and
ω stabilized during ARB processing via manipulation of
processing parameters.[10] Thus, ARB opens the door for
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the fabrication of nanocomposite materials with properties tailored for speciﬁc applications via industry scalable
manufacturing techniques. To further realize this goal,
the stability of ω and ρ under commercially available
joining processes must be understood. Friction-stir weld
(FSW), a solid-state joining process, is explored as a possible joining process for maintaining high ρ and hence the
strength of the material within the weld region. Simulations show that the stability of ω, observed in previous
studies,[7,11,12] is derived from the ability of speciﬁc
interfacial structures to accommodate the plastic deformation of the ARB process. Since the FSW process will
introduce additional severe plastic deformation in a manner that diﬀers considerably from that used to synthesize
the initial composite, the stability of the preexisting ω is
uncertain.
In FSW, a weld tool, consisting of a pin and shoulder, is rotated and plunged into the panel thickness, and
traversed the length of the work piece, and hereby joining
the material.[13,14] The two sides of the weld joint are
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referred to as the advancing side (AS), the side where tool
rotation aligns with the travel direction, and the retreating side (RS), the side where tool rotation is opposite
the travel direction. While the literature reports the use
of FSW to join dissimilar alloys in butt and lap welds,
these studies address the joining of diﬀerent homogenous bulk material on either side of the weld.[15–17] This
study investigates FSW as a possible joining method for a
multi-layered, nano-scaled bimetal composite where both
phases are resistant to chemical intermixing due to their
positive heats of mixing in the solid phase.
FSW were made in a nominal 0.6 mm thick sheet
of ARB Cu–Nb. The ARB material began with a single 2 mm thick sheet of polycrystalline Nb (99.97% pure,
ATI-Wah Chang, Albany, OR) and two 1 mm thick sheets
of polycrystalline Cu (99.99% pure, Southern Copper and
Supply). The Nb layer was sandwiched between the two
Cu layers and a 60% reduction in overall thickness was
performed in a single step utilizing a two-high rolling mill
(Waterbury-Farrel, Brampton, Canada). Layer thickness
was reduced and number of layers increased through a
repetitive sequence of cutting, stacking, and roll bonding. Prior to each roll bonding step, a surface treatment
consisting of a 5-min ultrasonic acetone bath was performed followed by wire brushing. Further details of
the ARB process can be found in the literature.[9,10]
This process was repeated until a panel consisting of
50 vol.% Cu/50 vol.% Nb of alternating layers with average h ≈ 300 nm was fabricated. A single piece, smooth
tapered FSW tool was made from a lanthanated tungsten
W-La2 O3 alloy with a ﬂat 2 mm diameter shoulder, initial pin length of 0.5 mm, upper diameter of 1 mm, and a
taper of 27◦ mm. All FSWs were made in a bead on plate
conﬁguration using displacement control at a travel rate
of 25.4 mm/m and a tool rotation of 1500 rpm.
Microstructure images were obtained using an FEI
(Hillsboro, OR) Inspect F scanning electron microscope
(SEM) and a FEI TITAN 300 keV transmission electron

microscope (TEM). Hardness data were obtained on a
Nano-XP 30 Indenter (Agilent, Santa Clara, CA) with
a nominal 150 nm radius Berkovich tip. Load vs. displacement data were collected in continuous stiﬀness
monitoring mode for indentation depths between 200
and 1100 nm and these data were used for hardness
calculations.[18] The FSW panels were cross-sectioned
normal to the welding direction using a low-speed diamond saw. SEM/indentation samples were mounted in
a low heat epoxy resin and metallurgically ground and
polished. TEM foils were extracted and thinned utilizing
a FEI Helios focused ion beam (FIB).
Figure 1 shows a representative SEM-based secondary electron image (SEI) of a transverse section of
the FSW. Regions of interest include the parent material
(PM), the thermal mechanical aﬀected zone (TMAZ), and
the weld nugget (WN). All FSW, regardless of process
parameters, exhibited a weld defect on the AS crown surface. The images in Figure 2 document the change in layer
direction and thickness within the TMAZ region. Details
of the representative regions in Figure 1 are shown in the
SEI in Figure 2(a)–(c). Superimposed on these images
are the nanohardness data with values in GPa. To resolve
the ﬁner layers, TEM bright ﬁeld imaging (BFI), on the
RS, was used to obtain Figure 2(d). It shows layers with
an h of 6 nm, and a variation in material ﬂow resulting
from the asymmetrical ﬂow ﬁeld of the FSW.[13]
FIB was used to extract an additional foil from the
region labeled by vertical red line in Figure 2(a). Figure 3
shows the higher magniﬁcation BFI TEM and accompanying ring selected area (electron) diﬀraction pattern
(SADP), which indicates a nanocrystalline structure.
Changes in diﬀraction contrast in the BFI TEM indicate an equiaxed grain structure approximately 5–10 nm
in diameter. The ring SADP in Figure 3 conﬁrms a
nanocrystalline structure, which exhibits distinct Cu and
Nb phases. The mottled contrast suggests that the individual phases are randomly distributed. The equiaxed grains

Figure 1. SEI of a transverse section of FSW with regions-of-interest marked. Note this sample was taken after 5 cm of travel with
signiﬁcant tool wear having occurred.
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Figure 2. Details of FSW transverse seen in Figure 1. (a) FSW nugget, (b) RS TMAZ, and (c) AS TMAZ. Location of nanoindentations and hardness values in GPa are shown in (a)–(c) with (d) representing a BFI TEM of the RS WN in a layered region.
The red line in (a) indicates the location where the TEM foil was extracted for Figure 3.

on the order of the reﬁned h suggest a pinch-oﬀ mechanism may be responsible for the grain reﬁnement.[19] In
this mechanism, the torsional motion of the FSW process
causes the sub-boundaries extending across the thickness
of the elongated grains to pinch-oﬀ forming equiaxed
grains.

The layered structure of the PM was maintained in
parts of the FSW region as shown in Figure 2, especially
on the RS and show changes in orientation resulting from
the asymmetric material ﬂow. Figure 2(d) shows a reﬁned
layered structure in the WN region, with the majority of
the layers ranging from 6 to 12 nm. Equation (1) can be
used to calculate the true strain (εt ) input in the layered
regions, and, assuming layer thicknesses in Figure 3(d)
(which was close to the equiaxed nanograin region) of
≥6 nm to be stable, a minimum true strain required to
form the equiaxed nanograin structure can also be calculated. For Equation (1); t1 is the initial h of the PM and t2
is the ﬁnal h within the FSW nugget.
 
t1
.
εt = ln
t2

(1)

Thus for the observed reduction of h from 300 to
6 nm, the FSW process input a minimum strain of 3.9
in the equiaxed nanograin WN region. While this strain
value is similar to strain ranges reported in other FSW
studies of aluminum,[20–22] other studies indicate that
higher strains are possible which vary as a function of
location.[13]
A 2.5 GPa with a standard deviation of 0.13 GPa
average hardness value was obtained from the 18 nanoindentations within the PM. Within the FSW region, the
hardness values varied with respect to the reﬁnement
in microstructure. A steep increase in hardness was

Figure 3. BFI TEM of WN exhibiting a nanocrystalline structure with equiaxed grains on the order of 5–10 nm in diameter.
The inset accompanying SADP shows a ring structure, consistent with a polycrystalline grains, and the presence of both Cu
and Nb phases.
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Figure 4. Hardness v1/h1/2 plot for ARB Cu–Nb,[5] across length scales from the PM to the FSW WN. The insets illustrate the
diﬀerence between the grains of an as rolled ARB panel (elongated grains) and the WN (equiaxed grains) at the ﬁnest length scale.
Grain dimensions for the ARB panel are estimated from the literature.[10]

observed in the TMAZ region, due to the gradient of h.
The average hardness of 5.9 GPa was measured in the
equiaxed grain region of the WN.
The nanoindentation results performed on multiple FSW showed increases in hardness as ρ increases,
consistent with observations from ARB Cu–Nb sheet
material.[5,6,10] Figure 4 plots Cu–Nb ARB hardness
vs. h1/2 across the length scale from the PM to the FSW
WN.[5] It also illustrates the diﬀerence in grain geometry
between the WN and an as rolled ARB panel.[5]
Figure 4 shows a 20% increase in hardness in the
equiaxed 7 nm grain size region of the WN compared to
that of the an ARB panel with h = 7 nm. This increase in
hardness likely arises due to diﬀerent deformation mechanisms in the equiaxed grains of the WN.[23–28] Increased
hardness suggests that friction-stir processing of Cu–Nb
plates could be used to form a three-dimensional (3D)
nanocrystalline structure to further increase the maximum obtainable strength. The signiﬁcance in a 20%
increase in hardness over an already extremely hard
material (considering its bulk counterparts) could be
of particular importance in high wear applications, and
other areas where an even further increase in surface, or
through-thickness, hardness is desired.
Although resolvable with TEM, the small size presented by the grains precluded an electron backscatter diﬀraction study of ω within the WN. Studies of
ARB sheets had well-deﬁned layer directions, which
allowed the use of a normal direction inverse pole
ﬁgure to act as a measure of the interface plane normal

distribution. With no layer directions present in the
WN, bulk texture measurements via neutrons or X-rays
will not provide an understanding of ω. With grain
diameters on the order of 7 nm, this also limits the
applicability of local texture measurements such as precession electron diﬀraction within a TEM, a technique
used in the past for investigations of Cu–Nb nanoscale
multi-layers.[29,30]
With regards to the FSW process, there was a defect
on the AS of the FSW region. This type of defect is
typically seen in FSW when the insuﬃcient down-force
is applied.[31] Although the shoulder was in contact
with the material during welding, a substantial inﬂuence on the material ﬂow from the shoulder was not
observed as evidenced by the minimal material movement on the RS seen in Figure 1. Weld material on the
AS, beyond the defect and not shown in Figure 1, was
also in intimate contact with the shoulder, but materialmovement/shoulder-interaction was virtually nonexistent. It is possible that adding features to the shoulder
would help increase the lateral material-movement and
help eliminate the volumetric defect.[14]
Tool wear during welding was signiﬁcant with pin
length decreasing by 50% after 5 cm of FSW length. Different material selections for the tool should improve tool
life and preserve features added to improve material ﬂow.
Although improvements in tool life and preventing defect
formations are still areas of concern, FSW seems to be
a viable option for joining this type of material while
maintaining its enhanced strength.
4

Mater. Res. Lett., 2014

Downloaded by [Xian Jiaotong University] at 03:28 27 May 2014

FSW of the ARB panels lead to both reﬁned layers, and a nanocrystalline structure. Where layers were
present, directional changes were observed due to the
non-symmetric ﬂow ﬁeld of the FSW.[32,33] The initial h of 300 nm was reduced to grains with 3D nanoscale
diameters of 7 nm following the FSW process. Within
the WN hardness values of the equiaxed grain region
exceeded those of ARB Cu–Nb panels with h equal to
the equiaxed grain diameter. Hardness values were noted
to increase from 2.5 GPa in the starting PM and increased
to a maximum of 6.0 GPa as the length scale decreased.
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