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ABSTRACT

While bimetallic nanocomposites have demonstrated extraordinary - three to even ten-fold - gains in
strength with decreasing layer thickness, their strengths tend to plateau beyond a critical layer thick-
ness. More disappointingly, such increases in strength are almost always accompanied by a decrease in
their strains to failure (ductility). In this work we report simultaneous improvements in both strength
and mechanical stability of Nb/Mg nanolaminates with decreasing layer thicknesses, a trend seldom re-
ported in nanolaminates consisting of pure metals. Using micro-pillar compression and nanoindentation
experiments we show that physical vapor deposited (PVD) Nb/Mg nanolaminates that contain a body
center cubic (bcc) Mg pseudomorphic phase demonstrate a >60% increase in strength and a >80% in-
crease in strain to failure over those containing the hexagonal close packed (hcp) Mg phase. Instead of a
strength plateau, the hcp-to-bcc phase transition in Mg results in a renewed strengthening regime in the
nanolaminate caused by the change to a coherent interface from an incoherent one, along with a concur-
rent increase in strain-to-failure due to the introduction of a more plastically isotropic bcc material from
an anisotropic hcp structure. Using high resolution transmission electron microscopy (HR-TEM) we also
demonstrate the presence of a thin layer of bcc Mg at the Nb/Mg interface at larger layer thicknesses
when Mg is predominantly hcp. Our results suggest that the increases in strain to failure in the Nb/Mg
nanolaminates with decreasing layer thicknesses can be corelated to the approximate volume fraction of
the pseudomorphic bcc Mg present in the layers.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

ameter, or grain size [3,4], making the composite less formable.
These very finely nanolayered materials usually fail due to the for-

Metal-metal nanoscale multilayered composites have shown ex-
traordinary improvements in strength when their individual layer
thicknesses are reduced to 1-2 nm [1,2]. However, along with the
‘smaller is stronger’ effect, most multilayered systems also show
a corresponding reduction in the instability strain (also called
the strain to failure) with decreasing layer thicknesses, crystal di-
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mation of a localized shear band [5,6] or exhibit a greater ten-
dency for strain localization [7-10]. Multiple approaches have been
attempted in the literature to simultaneously improve both the
strength and ductility of layered nanocomposites. A majority of
these efforts have typically utilized constituent phases that possess
significant differences in elastic modulus, strength, and ductility,
such as metal-ceramic nanolaminates that show improved strength
and ductility relative to their non-layered counterparts [11-15],
and other functionally graded composite systems that demonstrate
non-conventional deformation mechanisms [16,17].
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In recent work we have employed a different, more radical ap-
proach to overcoming this problem, which utilizes pseudomorphic
phase transformation [18,19] in a multilayered nanocomposite. We
explored the synthesis of a nanolaminate consisting of magnesium
(Mg) and a second metal niobium (Nb), with the final goal of en-
hancing both the strength and ductility of the composite [20]. The
constituent Mg phase is plastically anisotropic and not ductile due
to its inherent hexagonal closed pack (hcp) structure. However, by
encouraging a pseudomorphic phase transformation of Mg within
the Mg/Nb multilayers, the hcp structure of Mg was transformed to
a less anisotropic and more ductile body center cubic (bcc) struc-
ture at ambient pressures [21-23]. The result is a low energy, co-
herent bcc Nb/Mg interface. The critical layer thickness for stabi-
lizing the pseudomorphic bcc Mg phase (above which the metal
reverts back to its traditional hcp structure under ambient condi-
tions) was found to be around 7-8 nm from experimental obser-
vations [24]. This value is somewhat larger than the critical layer
thickness of 4.2 nm for Mg predicted using an analytical model
with density functional theory (DFT) information [23], or 5 nm
from direct thermodynamic calculations [25]. Initial micro-pillar
compression and indentation experiments have shown that the
Nb/Mg nanolaminates with lower layer thicknesses (~5 nm, where
Mg is bcc) was 50% stronger and twice as ductile than that of the
hcp Mg nanolaminate with larger layer thicknesses (~50 nm) [20].
Much of the strengthening can be attributed to the confinement
on dislocation motion imposed by the reduced layer thickness. A
recent modeling study has suggested that the pseudomorphic bcc
Mg phase additionally contributes to nanolaminate strength by in-
creasing the slip strengths of the (111) dislocations compared to
the relatively soft basal slip in the hcp Mg, even though the coher-
ent bcc Nb/Mg interfaces pose less resistance to dislocation motion
than the incoherent bcc Nb/hcp Mg interface [26]. More remark-
ably, the nanolaminates with the meta-stable pseudomorphic bcc
Mg phase were also shown to be highly stable under extremes of
temperature [20] and applied stresses of up to 60 GPa in a dia-
mond anvil cell [24]. It suggests that bcc Mg is a highly attractive
pseudomorphic phase from a structural viewpoint and may oper-
ate by similar deformation mechanisms as traditional bcc metals
and may be just as ductile and formable. This is an exciting con-
cept, particularly for pure Mg, which is an intrinsically lightweight
material but disappointingly anisotropic and brittle at room tem-
perature due to its hcp structure and profuse twinning. Compared
to conventional ways that are typically utilized to stabilize bcc Mg,
such as high pressures (50+6 GPa) [27,28], or alloying [29-31], our
multilayered design approach is the only technique that enables
pure Mg to exist in the pseudomorphic bcc phase at ambient pres-
sures and temperatures [20,21].

The initial experiments described above were conducted on pri-
marily two distinct Nb/Mg layer thicknesses, 5 vs. 50 nm, and
it is difficult to decouple the effects of changing layer thick-
ness, crystal structure, and interface structure (coherent bcc/bcc
vs. semi-coherent hcp/bcc) from this limited sample size. In this
work, we investigate an expanded range of Nb/Mg nanolaminates
with five different (average) individual layer thicknesses - 1.7 nm
(Nb)/1.9 nm (Mg), 5.5 nm (Nb)/5.5 nm (Mg), 8.4 nm (Nb)/7.6 nm
(Mg), 14.1 nm (Nb)/18.9 nm (Mg) and 76.6 nm (Nb)/62.6 nm (Mg),
see Table 1. These layer thicknesses were specifically chosen so
that the simultaneous effects of layer thickness, crystal structure
and interface type could be compared separately. Consequently, the
Mg phase in the two smaller multilayer thicknesses is in its pseu-
domorphic bcc structure (1.7 nm (Nb)/1.9 nm (Mg), and 5.5 nm
(Nb)/5.5 nm (Mg)), whereas Mg in the two larger thicknesses is
in its traditional hcp structure (14.1 nm (Nb)/18.9 nm (Mg) and
76.6 nm (Nb)/62.6 nm (Mg)). Intriguingly, at the intermediate mul-
tilayer thickness, the Mg phase comprises a mix of hcp Mg and
bcc Mg phases (8.4 nm (Nb)/7.6 nm (Mg)). The mechanical prop-
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erties of the multilayers were investigated using indentation and
micro-pillar compression experiments. These findings were corre-
lated with the structure information obtained using high resolu-
tion transmission electron microscopy (HR-TEM) techniques to de-
termine the exact layer thicknesses and crystal structures of the
deposited Mg and Nb layers. We show that under physical vapor
deposition (PVD) conditions, the pseudomorphic transformation in
Mg is not abrupt. Rather, the transformed pseudomorphic bcc Mg
phase initiates from the Nb/Mg interface and extends a finite dis-
tance into the original hcp phase. Thus, even at larger layer thick-
nesses (when Mg is predominantly hcp), there exists a thin layer of
bce Mg at the Nb/Mg interface. Our analysis suggests that the in-
creases in strain to failure - and hence the increased ductility with
decreasing layer thicknesses - in the Nb/Mg nanolaminates can be
correlated to the approximate volume fraction of the pseudomor-
phic bcc Mg present in the layers.

2. Experimental methods

Nb and Mg multilayered nanocomposites with five different av-
erage layer thicknesses - Nb/Mg 1.7 nm/1.9 nm, 5.5 nm/5.5 nm,
8.4 nm/7.6 nm, 14.1 nm/18.9 nm and 76.6 nm/62.6 nm - were de-
posited using DC magnetron sputtering with 2.67x10-% Pa base
pressure, 0.4 Pa process pressure, and 300 W of power on a
50.8 mm target in a sputtering-evaporation PVD chamber (AJA In-
ternational Inc., Scituate, Massachusetts). During deposition, the
difference between the plasma potential and the floating potential
is estimated to be around ~14 V based on the values reported in
literature [32] for the Ar gas plasma used for deposition.

Table 1 summarizes the average+standard deviation of the
measured layer thicknesses. Nb was the first layer to be deposited,
while Mg the last deposited layer in the multilayered nanocompos-
ites. The deposition rates were 0.22 nm/sec for Nb and 0.83 nm/sec
for Mg. The total film thickness for all multilayers was approxi-
mately 5 pm, except for the Nb/Mg 1.7 nm/1.9 nm layer thickness
for which the total film thickness was around 1.6 pm. Films were
deposited on Si substrates with deposition parameters chosen to
minimize residual stresses. The substrate was not heated or biased
during the deposition. However, even at room temperature depo-
sition, substrate temperature is estimated to be in the range of
~100-130 °C due to plasma heating conditions [33,34]. Among the
various substrate materials considered (single crystal substrates of
MgO, sapphire, and Si, each with different crystal orientations) the
Si substrates were found to have the lowest (compressive) residual
stresses of around 150-200 MPa. The final layer thicknesses and
the structural orientations of these as-deposited Nb/Mg films were
examined by JEOL JEM 2100F-AC scanning/transmission electron
microscope (STEM/TEM) operating at 200 keV. The cross-sectional
STEM/TEM foils in this study were prepared using FEI Scios dual-
beam focused ion beam (FIB) equipped with a Ga-ion source.

Indentation hardness measurements were conducted on the five
Nb/Mg nanocomposites to determine the effect of layer thickness
on strength (hardness). The hardness measurements were con-
ducted using a diamond Berkovich tip using two nanoindentation
machines - the Hysitron Triboindenter™ and the KLA XP™, A to-
tal of 50 tests per sample were performed in each instrument us-
ing a 10 s (loading) - 100 s (hold) - 10 s (unloading) cycle. Tests
were done to a maximum displacement of 200 nm for the Hysitron
Triboindenter™ (instrument limit) and up to a maximum displace-
ment of 200 and 400 nm for the KLA XP™., These choices of inden-
tation depth were chosen to ensure that in each case, the indenter
was sampling regions beyond at least one bilayer thickness (2h).

To compare the uniaxial deformation response across these
samples, micropillar compression experiments were carried out on
all five sets of Nb/Mg nanocomposites with the compression axis
normal to the Nb/Mg interface planes (isostress orientation). The
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Table 1

Summary of TEM/STEM investigations.
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Individual Nb and Mg
layers average thickness
measured using STEM (nm)

Observed phases

Observed local thickness variation of bcc and hep
phases of Mg

Growth direction

Structural orientation
relationships observed in
between the substrate, Nb
and Mg layers

1.7 £ 0.12 nm (Nb)/ Nb: bcc Close to substrate: [TOl]Nb‘Mg [110]; || [111]N‘J Il [lll]Mg
1.9 + 0.16 nm (Mg) Mg: bcc Entirely bcc: 1.5 nm - 2.1 nm (001)s; || (101)p || (101)yg
5.5 nm (Nb)/ 5.5 nm (Mg) Nb: bcc See Ref [20,24] for details. Not measured in this [iOl]Nb'Mg [110]; 1| [111]p 11 [111]ng
Mg: bce work. (001)g; || (101)p || (101 g

8.4 &+ 0.82 nm (Nb)/ Nb: bcc Close to substrate: [TOl]NbJ\,Ig [110]s; || [111]np ] [111]g
7.6 +£ 0.25 nm (Mg) Mg: bcc, hep Entirely bcc: 7.8 to 8.1 nm. [0001 Jnpmg 1 [lliO]Mg

Middle of film: (001)s; || (101)np || (101)yg

Mixture of bcc and hcep in a single layer: 4.2 nm || (0001)pg

to 8.1 nm.

Towards top of film:

Entire layer bcc: 2 nm to 4 nm.

Entire layer hcp: 7 nm - 8.5 nm
14.1 £ 0.11 nm (Nb)/ Nb: bcc Mg layer thickness at the Nb/Mg interface closer [TOl]NbJ\,Ig [110]s; || [11 1 ]np ] [111]g
18.9 + 0.18 nm (Mg) Mg: bcc, hep to the substrate (Mg bottom interface): bcc: a few  [0001 ]y mg 1] [ll?O]Mg_ )

monolayers to 1 nm. (001)s; || (101)np || (101)yg

At the Mg/Nb interface farther away from the || (0001)pg

substrate (Mg top interface):

bce: 0.5 nm - 2 nm.

hcp Mg: 17 nm - 21 nm
76.6 £ 0.17 nm (Nb)/ Nb: bcc Bcc Mg layer thickness at the Nb/Mg interface [TOl]Nh‘Mg [110]s; | [111]np ] [111]g
62.6 £ 0.26 nm (Mg) Mg: bcc, hep closer to the substrate (Mg bottom interface): a [0001 Jnpmg 1 [l]iO]Mg

few monolayers to 1 nm. (001)s; || (101)p || (101)yg

At the Mg/Nb interface farther away from the || (0001)pg

substrate (Mg top interface):

bce: 0.5 nm - 4 nm.

hcp Mg: 60 nm - 65 nm

Terminology. There are two Nb/Mg interfaces which have been named with respect to the growth direction.
Bottom interface: Nb/Mg interface at the bottom of the Mg layer. This interface forms earlier, and is closer to the substrate.
Top interface: Mg/Nb interface at the top of the Mg layer. This interface forms later, and is away from the substrate.

micropillars were fabricated using dual-beam FEI Helios™ and FEI
Scios™ FIB-SEMs, using a beam of Ga't ions to remove the mate-
rial and shape it in pillar form. Micro-pillars with circular cross-
section were fabricated on all five Nb/Mg layer thicknesses. The
circular micro-pillars had a height-to-diameter ratio of around 2:1
(5 pm:2.5 pm) and around six degrees of vertical taper for all but
the smallest Nb/Mg layer thickness. Since the total film thickness
of the smallest Nb/Mg 1.7 nm/1.9 nm layer was only ~1.6 um, a 1:1
height-to-diameter ratio micropillar was fabricated for this case.
The pillar dimensions were specifically chosen to be significantly
larger than the individual layer thicknesses, as well as to be large
enough so that the effects of any FIB induced damage can be min-
imized. Earlier experimental [35] and computational [36] studies
have suggested that the effect of any FIB-altered microstructure on
micropillar plasticity is negligible for pillar diameters larger than
1 pm. All the micropillars described in this work are well above
this critical size. Additional tests were also conducted on the larger
layer thicknesses where the pillar diameters were varied in the
range of 1.5 to 5 pm; no appreciable difference in the mechanical
properties were observed from these tests. Due to the taper, the di-
ameter measured at the pillar top (the smallest measurement) was
used for stress calculations. To gage repeatability, 3-5 micropillars
of each layer thickness were tested in micro-compression.

We also examined the effect of pillar cross-section shape
(circular vs. square) on the overall mechanical response in
the micro-compression experiments of these Nb/Mg multilayered
nanocomposites. Micro-pillars of circular cross-section often have
an unavoidable taper (in the order of 3-6°) along their height
which results in higher stresses at the top of the pillar, whereas
square pillars can be fabricated without any taper (by milling each
side of the pillar separately with slight over-or-under tilting). How-
ever, some studies have speculated that the sharper lateral edges
of the square pillar geometry could generate stress concentrations
and thus adversely affect the mechanical response, as compared to

circular pillars where the stresses are more uniformly distributed.
The effects of these stress distributions are expected to vary de-
pending on the material system [37]. In order to study these fac-
tors systematically for our nanocomposites that have much higher
strengths and lower strain to failures than softer monolithic Cu
specimens studied previously [37], we fabricated and tested micro-
pillars of square cross-section with similar cross-sectional areas
and pillar volumes as the circular pillars. Two height-to-width ra-
tios were chosen for this comparative study: square micro-pillars
of 2:1 height-to-width ratio were fabricated for the 8.4 nm/7.6 nm
Nb/Mg layer thickness nanocomposite, while a 1:1 height-to-width
ratio was chosen for the square micropillars fabricated on the
1.7 nm/1.9 nm Nb/Mg layer thickness sample. Similar to the cir-
cular pillars, 3-5 micropillars for each layer thickness were tested
to ensure repeatability of the data.

The micro-compression experiments were conducted using two
nanomechanical testing instruments the Hysitron PI-85™ and the
Alemnis SEM indenter. Tests were performed in-situ inside of scan-
ning electron microscopes (SEMs, FEI Scios, Helios and Magellan™)
in order to capture the local microstructural evolution during de-
formation. The pillars were compressed with flat punch conductive
diamond tips of 5 and 20 pm diameters, at a nominal displace-
ment rate of 2 nm s~!. The continuously captured image scans
were recorded as a video file during the test. The strain measure-
ments during micropillar compression testing were corrected for
compliance following the procedures described in [20].

3. Results
3.1. TEM analysis of Nb/Mg nanolaminates
Table 1 and Figs. 1-4 summarize the relevant microstructural

features observed using TEM/STEM, such as the measured individ-
ual layer thicknesses, the phases and interface crystallography, for
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Fig. 1. (a) A bright-field HR-STEM image of the Nb/Mg multilayer with layer thick-
ness of 1.7 nm/1.9 nm along with the thickness fringe profile. The bright and dark
regions in the micrograph represent Mg and Nb layers respectively. The white arrow
indicates the growth direction of the film i.e., along the [110]. (b) HR-STEM image
along with the FFT patterns acquired in Mg and Nb regions of the same sample.
A Fourier filtered image for the region enclosed by a red-colored box shows the
coherent interface between Nb and Mg {220} lattice planes.

all five as-deposited Nb/Mg nanocomposites in the order of in-
creasing layer thickness. As seen from Table 1, our TEM analysis
reveals that Mg is present in its pseudomorphic bcc structure for
the two smaller Nb/Mg layer thicknesses of 1.7 nm/1.9 nm and
5.5 nm/5.5 nm (see also Fig. 1). In contrast, in the two largest
Nb/Mg layer thicknesses (14.1 nm/18.9 nm and 76.6 nm/62.6 nm),
a thin layer of bcc Mg is present at the Nb/Mg interface followed
by hcp Mg. The thickness of this thin bcc Mg layer at the Nb/Mg
interface varies depending on the growth direction. The bcc Mg
layer was measured to be a few atomic planes up to 1 nm thick
at the bottom of each individual Mg layer (i.e., at the Nb/Mg in-
terface closer to the substrate), while the bcc Mg layer thickness
was slightly but consistently larger - from a few atomic planes up
to 4 nm thick - at the top of each individual Mg layer (i.e., at the
Mg/Nb interface farther away from the substrate). These observa-
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tions will be further discussed in detail later in Figs. 3 and 4. The
intermediate thickness Nb/Mg 8.4 nm/7.6 nm nanolaminate was
found to have a mix of both bcc and hcp Mg phases, and the bcc
vs. hcp Mg phases were found to vary along the thin film height
(Fig. 2). Thus, closer to the substrate the Mg layer was present in
its pseudomorphic bcc structure (similar to what was observed for
the two smaller Nb/Mg layer thicknesses of 1.7 nm/1.9 nm and
5.5 nm/5.5 nm). Towards the middle of the thin film height a
mix of both bcc and hcp phases were found, while towards the
top of the thin film some Mg layers were observed which were
entirely in the hcp phase (without any thin bcc Mg layers). As
such, for the three larger layer thicknesses studied in this work -
8.4 nm (Nb)/7.6 nm (Mg), 14.1 nm (Nb)/18.9 nm (Mg) and 76.6 nm
(Nb)/62.6 nm (Mg) - the volume fraction of bcc Mg was found to
decrease with increasing Nb/Mg layer thickness. In other words,
the volume fraction of bcc Mg is largest in the 8.4 nm/7.6 nm
Nb/Mg multilayer and smallest in the 76.6 nm/62.6 nm Nb/Mg
multilayer.

Fig. 1a shows the bright-field STEM micrographs of the Nb/Mg
multilayer with layer thickness of 1.7 nm/1.9 nm. In these images,
the bright contrast regions correspond to Mg and the dark con-
trast regions correspond to Nb, which can be used to identify the
deposited layers as well as their thicknesses. The corresponding
thickness measurement profiles across these images are shown in
Fig. 1a inset, and the extracted average individual layer thicknesses
for the Nb/Mg nanolaminates are found to be 1.7 nm (Nb)/1.9 nm
(Mg) (Table 1). The FFT patterns acquired from different regions
of the nanolaminate are displayed in Fig. 1b. The identical FFT pat-
terns for Nb and Mg confirm that Mg was deposited in a bcc struc-
ture along the (111) orientation. Furthermore, the Fourier filtered
image shown in Fig. 2b reveals the coherent nature of the interface
between Mg and Nb layers, indicating the pseudomorphic growth
of bcc Mg on top of bcc Nb, and the extracted lattice constant of
Mg is 0.33944-0.005 nm which coincides well with the lattice con-
stant of Nb (0.33 nm). It should be noted that the bcc Mg in this
work is strained to the lattice constant of bcc Nb. As a result, the
FFT patterns for bcc Mg and bcc Nb are identical for the (111) ori-
entation.

The microstructural results for the Nb/Mg multilayered
nanocomposite with layer thickness of 5.5 nm/5.5 nm are similar
to those shown in Fig. 1 (see also Table 1) and are not repeated
here. The Nb/Mg 5.5 nm/5.5 nm layer thickness sample has been
described in detailed in our previous reports [20,24], wherein
synchrotron X-ray diffraction analysis showed that the Mg phase
not only entirely transforms to bcc, but also adopts the lattice
parameter of Nb (a = 3.305 A) [24]. It is relevant to point out that
our results for the Nb/Mg 5.5 nm/5.5 nm layer thickness sample
are different from those of prior works by others of similar (~
5 nm) Mg layer thicknesses [21]. In those reports the structure of
the Mg phase was described to be only partially transformed to
bce in the multilayer.

In contrast, the 8.4 nm/7.6 nm Nb/Mg multilayered nanocom-
posite shown in Fig. 2 exhibits signatures of both bcc Mg and hcp
Mg phases. The bright-field STEM image along with the thickness
fringe profile shown in Fig. 2a show the average thicknesses of the
Nb and Mg layers to be 8.4 + 0.82 nm and 7.6 + 0.25 nm respec-
tively (see also Table 1). The high-resolution TEM image shown
Fig. 2b was acquired from a region close to the substrate (i.e., to-
wards the bottom section of the film). As confirmed by the FFT
patterns “1”, “2”7 and “3”, the Mg (bright) layers are found to ex-
ist in a bcc phase. These FFT patterns are consistent with the (111)
orientation of bcc phase of Mg, In contrast, the Mg layers shown in
Fig. 2c (which was acquired from a region close to the midsection
of the film) consists of regions of both bcc and hcp Mg phases as
indicated by the corresponding FFT patterns along the (111) and
(1120) orientations. Further up towards the top of the film, the
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bcec Mg (111)
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Fig. 2. (a) A bright-field HR-STEM image of the Nb/Mg multilayer with layer thickness of 8.4 nm/7.6 nm along with the thickness fringe profile. (b) HR-TEM image close
to the substrate/film interface along with the corresponding FFT patterns acquired in the different regions shown by the red-colored boxes of the Nb/Mg multilayer. The
FFT patterns confirm the bcc phase of Mg along the (111) orientation. (c) shows an HR-TEM image of Mg and Nb layers close to the midsection of the film where the FFT
patterns ‘1’ and ‘2’ confirm that the Mg layer has regions where the layer is entirely bcc and entirely hcp respectively, whereas the FFT pattern ‘3’ confirms the bcc phase
of Mg along the (111) orientation, and (d) shows the structure of two bright Mg layers separated by a dark Nb layer towards the top of the thin Mg/Nb film, where the
top Mg layer is consistent with the (1120) of hcp Mg and the bottom Mg layer is consistent with the (111) orientation of bcc Mg. The white arrows in the various images

show the PVD growth direction of the Nb/Mg multilayer.

high-resolution image along with the FFT patterns in Fig. 2d show
that locally individual Mg layers can be entirely bcc or entirely
hcp. The FFT pattern labeled as ‘1’ in Fig. 2d is consistent with
the (1120) orientation of hcp Mg, whereas the FFT pattern labeled
as ‘2’ is consistent with the (111) orientation of bcc Mg.

Thus, the results from Fig. 2 indicate that the individual Mg lay-
ers are entirely bcc close to the substrate, and as we move away
from the substrate along the growth direction the individual Mg
layers can exist in either their bcc and/or hcp forms. Further de-
tailed TEM investigations reveal that the local bcc Mg layer thick-
ness in this nanolaminate is non-uniform and can vary from ap-
proximately 2 nm to 8.1 nm in this multilayer, whereas the lo-
cal thicknesses of the layers where Mg is entirely hcp vary from
7 to 8.5 nm (see Table 1). These thicknesses are much larger than
the 4.2 nm layer thickness predicted for a pseudomorphic hcp-to-
bce phase transformation in Mg using DFT calculations [23]. Our
results suggest that the pseudomorphic hcp-to-bcc phase trans-
formation in Mg is strongly dependent on the thin film stresses
present during deposition. The individual layer thicknesses in the
Nb/Mg 8.4 nm/7.6 nm multilayered nanocomposite are close to the
hcp-to-bec phase transformation of Mg, and hence even a rela-
tively small variation in the local stress state in the film affects
the Mg phase transformation. The variability of the local stress en-

vironment can be seen by comparing Figs. 2a vs. 4a. These figures
show the typical evolution of the interface morphology in PVD de-
positions. Thus, the deposited layers are flat close to the substrate
(Fig. 2a) but fluctuations in the deposition conditions and the re-
sultant shadowing and curtaining effects cause the layers to be-
come wavy with increasing film thickness and also show varying
layer thicknesses. As the waviness in the layers increase, the highly
crenulated regions are expected to have a very different local stress
state which can affect the hcp-to-bcc phase transformation in Mg
(Fig. 4a) [38,39].

Figs. 3 and 4 show the structure of the Nb and Mg Nb lay-
ers along with the thickness fringe profiles for the two larger
Nb/Mg layer thicknesses of 14.1 nm/18.9 nm (Fig. 3a) and
76.6 nm/62.6 nm (Fig. 4a) respectively. The FFT pattern obtained
from the whole image of Fig. 3a contains spots corresponding to
bee Nb and hep Mg, where spots of (111) bece Nb and (1120)  hcp
Mg overlap, and the 1010 type reflection of hcp Mg is also present.
This observation confirms that Mg is deposited in hcp form for the
Nb/Mg 14.1 nm/18.9 nm multilayer. However, a careful examina-
tion of the Nb/Mg interface in this multilayer reveals the presence
of a thin layer of bcc Mg at the bottom of each individual Mg layer
(i.e., at the Nb/Mg interface closer to the substrate with respect to
the growth direction), as shown in Fig. 3c. A similar thin layer of
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Fig. 3. (a) A bright-field HR-STEM image of the Nb/Mg multilayer with layer thick-
ness of 14.1 nm/18.9 nm along with the thickness fringe profile, (b) HR-STEM im-
age along with the FFT pattern obtained from the whole image, shows the (1120)
of hcp Mg, where the 0004 reflection overlaps with the 220 reflection of bcc Mg
along the (111) orientation, and (c) shows the presence of a thin layer of bcc Mg at
the Nb/hcp Mg interface (i.e., at the Nb/Mg interface closer to the substrate). The
black ellipse in (c) highlights the bcc phase of Mg and the corresponding FFT pat-
tern obtained at the Nb/Mg interface is also displayed. The white arrows in images
indicate the PVD growth direction of the Nb/Mg multilayer.

bcc Mg was also present at the top of each individual Mg layer
(i.e.,at the Mg/Nb interface farther away from the substrate). The
thicknesses of these bcc Mg layers were found to be non-uniform
between the bottom and top Nb/Mg interfaces, and it varies from
a few atomic planes to 1 nm thick for the Nb/Mg interface closer
to the substrate (Fig. 3c) and from a few atomic planes to 2 nm
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Fig. 4. (a) A bright-field HR-STEM image of the Nb/Mg multilayer with layer thick-
ness of 76.6 nm/62.6 nm along with the thickness fringe profile, (b) HR-STEM im-
age along with the FFT pattern acquired from the whole image of the same sample,
shows the (1120) of hcp Mg, where the 0004 reflection overlaps with the 220 re-
flection of bcc Mg along the (111) orientation, and the region circled in white color
in (c) shows the bcc Mg phase at the interface of hcp Mg/Nb (i.e., at the Mg/Nb in-
terface farther away to the substrate with respect to the growth direction). The FFT
pattern of bcc Mg is consistent with the (111) orientation of bcc phase. The white
arrows in the images represent the PVD growth direction of the Nb/Mg multilayer.

thick for the Mg/Nb interface farther away from the substrate (see
Fig. 4c for the Nb/Mg 76.6 nm/62.6 nm layer thickness).

A similar high-resolution TEM analysis confirms the presence of
hcp Mg and bcc Mg for the 76.6 nm/62.6 nm Nb/Mg layer thick-
ness in Figs. 4b and 4c. The thickness of bcc Mg region at the
Nb/Mg interface is again found to be non-uniform and it varies
from few atomic planes up to 1 nm thick at the bottom of each
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Table 2
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Comparison between micropillar compression and indentation hardness response of Nb/Mg nanocomposites of varying layer thicknesses in terms of average and standard
deviation taken over at least 3 tests. The effect of pillar cross-section shape (circular vs. square) on the uniaxial mechanical response has also been indicated. The values of
stress and strain at instability without any standard deviation refer to a single test taken to failure.

0.2% off set

Hardness(H) Pillarcross-section Yield Stress Stress at Strain at

Mg/Nblayer thickness (GPa) shape (GPa) YIHW instability (GPa)  instability
Nb/Mg(bcc) 1.7 nm/1.9nm 4.8+£0.34 Circular 2.034+0.02 2.36 2.79 0.11

Square 2.024+0.02 2.38 2.74 0.10
Nb/Mg(bcc) 5.5 nm/5.5nm 3.7 £ 0.26 Circular 1.4140.01 2.62 2.7 £ 0.11 0.14+0.009
Nb/Mg(bcc+hep) 8.4 nm/7.6nm 3.2 +£0.22 Circular 1.38+0.09 2.32 2.30 0.08

Square 1.354+0.10 2.37 2.26 0.07
Nb/Mg(hcp) 24 +£0.36 Circular 1.28+0.03 1.88 1.94+0.05 0.074+0.005
14.1 nm/18.9 nm
Nb/Mg(hcp) 2.0 £ 0.32 Circular 1.2440.05 1.61 1.8040.04 0.06+0.008

76.6 nm/62.6 nm

individual Mg layer (i.e. at the Nb/Mg interface closer to the sub-
strate, see Fig. 3c for the Nb/Mg 14.1 nm/18.9 nm layer thickness)
to a few atomic planes up to 4 nm thick at the top of each in-
dividual Mg layer (i.e. at the Mg/Nb interface farther away from
the substrate, Fig. 4c). For both the Nb/Mg 14.1 nm/18.9 nm and
76.6 nm/62.6 nm layer thicknesses the bcc Mg layer at the inter-
face was found to be consistently thicker at the Mg/Nb interface
farther away from the substrate. A similar observation was also re-
ported in [21], where the authors had observed a thin distorted
layer (~1 nm) of bcc Mg at the Mg/Nb interface.

3.2. Effect of layer thickness and crystal structure: micromechanical
investigations

Before investigating the layer phase and size effects on Nb/Mg
nanolaminate strength, we first examine the effect of micro-pillar
cross-section shape on the mechanical response. Fig. 5 shows the
engineering stress-strain curves obtained from micro-compression
experiments on pillars of square vs. circular cross-sectional ge-
ometries for the Nb/Mg layer thicknesses of 1.7 nm/1.9 nm and
8.4 nm/7.6 nm. The relevant plastic properties, such as 0.2% off-
set yield stress, and stress and strain at instability in these pillars
are summarized in Table 2. Note that while the micro-pillars for
the larger Nb/Mg 8.4 nm/7.6 nm layer thickness were fabricated
to have a height-to-diameter ratio of around 2:1 (5 um:2.5 pm),
the micro-pillars on the smaller thickness Nb/Mg 1.7 nm/1.9 nm
nanolaminate only had a 1:1 height-to-diameter ratio in order ac-
commodate the smaller film thickness (~1.6 pm) in this nanolam-
inate. However in either case, the pillar dimensions are signifi-
cantly larger than the nm-level individual layer thicknesses of the
nanolaminate systems being studied. Hence the deformation re-
sponse in the pillars are expected to be dominated by the layer
thicknesses present in the nanolaminate films, and not the pillar
aspect ratios. Other studies [40]| have also reported the effect of
pillar aspect ratios to be negligible when studying multilayered
nanocomposite systems with layer thicknesses in the nanometer
range.

As seen from Fig. 5 and Table 2, similar mechanical responses
- such as 0.2% offset yield stress values, stress at instability, strain
at instability, as well as the general in-situ deformation behavior
(see videos S1 through S6 in Supporting documents) and post-
deformation images of the micro-pillars - were observed in both
square vs. circular pillar shapes for the two Nb/Mg layer thick-
nesses. There is a slight difference at the point of instability and
in the post-instability region between the square vs. circular pil-
lars in the case of the Nb/Mg 8.4 nm/7.6 nm layer thickness (see
Fig. 5B). However, at and beyond the point of instability the pillar
deformation is no longer uniaxial, and hence the mechanical data
beyond this point (denoted by the dashed lines) are of little value
to the aim and conclusions of this study. Hereinafter we focus on

the results obtained primarily from the circular cross-section pil-
lars.

The foregoing results are consistent with previous work on
square vs. circular micro-pillar geometries of Cu (100) on MgO
substrate performed by Kiener et al. [37]. Similar to the results
shown in Fig. 5, these authors also did not observe any signif-
icant difference between rectangular and cylindrical micro-pillar
geometries was observed for Cu (100) on MgO. However, the three-
dimensional finite element (FE) modeling employed in their work
suggested that the side edges present in the square micro-pillar
geometry can give rise to slight stress inhomogeneities due to ex-
cessive stress concentrations developing at these edges. The overall
effect of such stress inhomogeneities on the mechanical properties
of the micro-pillars was found to be negligible. While there may
be a material influence on the pillar shape effect (i.e., Cu (100) on
MgO substrate in [37] vs. Nb/Mg multilayers on Si in this work),
this observation provides an explanation for the minor discrep-
ancies noted in the post-instability regions between the circular
and square pillars for the Nb/Mg 8.4 nm/7.6 nm layer thickness
(Fig. 5B).

Our results along with the other reports from literature
[37] suggest that either the square or the circular micro-pillar ge-
ometries can be used to reliably examine the micro-compression
response in nanolaminates. This is an important advantage, since
square pillars can be fabricated with minimal taper by ion-milling
each side of the pillar separately with slight over-or-under tilting
in order to reduce tapering. Thus, four-sided micro-pillars of square
cross-sectional shape can be recommended for use in cases where
the pillar tapering is a concern. Moreover, micro-pillars of square
cross-sectional shapes are often the only option in certain loading
scenarios, such as when compression is applied parallel or oblique
to the interface planes, as was performed for Nb/Mg nanolaminates
in [41]. Fig. 5 demonstrate that the results from square pillars can
be treated similarly to those of other circular pillars reported in
the literature.

Fig. 6 (see also the summary in Table 2) presents the rep-
resentative engineering stress-strain curves obtained from micro-
compression experiments on (circular) pillars for all five Nb/Mg
multilayer nanocomposites classified by their layer thicknesses. A
notable observation from Fig. 6 is that the deformation response
of the nanolaminates can be divided into two broad categories. For
the two larger Nb/Mg 14.1 nm/18.9 nm and 76.6 nm/62.6 nm layer
thicknesses, an instability is observed at or near the peak compres-
sive strength which is followed by inhomogeneous deformation in
multiple localized regions throughout the pillar. This behavior is
similar to that of most hcp materials when compressed along their
c-axis [42]. In both of our two larger Nb/Mg 14.1 nm/18.9 nm and
76.6 nm/62.6 nm layer thicknesses, the c-axis of the hcp Mg layer
is parallel to the loading axis (see Table 1). Hence the deformation
behavior in these two layer thicknesses is expected to be dom-
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Fig. 5. Comparing engineering stress-strain curves obtained from micro-pillar compression tests on (A) Nb/Mg(bcc) 1.7 nm/1.9 nm and (B) Nb/Mg(bcc+hcp) 8.4 nm/7.6 nm
on two pillar cross-section shapes (Square vs. Circular) and the corresponding SEM images after deformation.

inated by the response of the hcp Mg in the nanolaminates. In
contrast, the applied strain is accommodated more homogeneously
in the three smaller Nb/Mg layer thicknesses (1.7 nm/1.9 nm,
5.5 nm/5.5 nm, and 8.4 nm/7.6 nm). Such behavior is reminiscent
of other bcc nano-structured metals, like steel, Ta, and Fe, which
behave similarly in micro pillar compression and maintain a high
flow stress over an extended straining region [43]. In our work, Mg
is entirely in its pseudomorphic bcc structure in the two small-
est Nb/Mg layer thicknesses (1.7 nm/1.9 nm and 5.5 nm/5.5 nm),
while the volume fraction of bcc Mg is also considerably large in
the intermediate thicknesses 8.4 nm/7.6 nm Nb/Mg multilayer (see
Table 1). Thus, the deformation behavior in these three smaller
layer thicknesses is thought to be dominated by the response of
the pseudomorphic bcc Mg in the nanolaminates.

Fig. 6 and Table 2 also show that significant increases in
strength as the individual layer thicknesses of the Nb and Mg lay-
ers are reduced from 76.6 nm/62.6 nm to 1.7 nm/1.9 nm. The
strength values are replotted in Fig. 7 which depicts the 0.2% off-
set yield strength values from the micro-compression experiments
(Fig. 7a) along with the indentation hardness values (Fig. 7b) as a
function of the bi-layer thicknesses (2 h) for each Nb/Mg nanocom-
posite on a Hall-Petch type of plot.

Somewhat different trends are observed in the micro-
compression vs. indentation measurements. The 0.2% offset yield
strength values from the micro-compression experiments show a
distinctly different strength scaling for the two larger Nb/Mg layer
thicknesses whose deformation response is hcp-Mg dominated vs.
the three smaller Nb/Mg layer thicknesses where the pesudomor-
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Fig. 6. Engineering stress-strain curves obtained from micro-pillar (circular) com-
pression tests on five different layer thicknesses of Nb/Mg in normal orienta-
tion (loading axis normal to the interfaces). Images of deformed pillars of Nb/Mg
5.5 nm/5.5 nm, 14.1 nm/18.9 nm and 76.6 nm/62.6 nm after compression are shown
while Nb/Mg 1.7 nm/1.9 nm and 8.4 nm/7.6 nm are shown in Fig. 5. The instability
point in the tests is marked by the end of the solid lines; the dashed lines in the
figure indicate that the tests are no longer uniaxial, and thus, the data beyond this
level is not reliable.

phic bcc Mg is present (0.45 vs. 2.54 GPa,/nm, Fig. 7a). This is
a remarkable and highly unusual result since the strength of a
nanolaminate is expected to plateau with decreasing layer thick-
nesses [1]. Instead, here we observe the opposite effect — a re-
newed strengthening regime enabled by the hcp—bcc phase tran-
sition in Mg, a point we revisit later in the discussion.

The hardness values of the Nb/Mg nanocomposites are also ex-
ceptionally higher, over 10 times that of coarse-grained Mg or Nb,
and approximately 2-3 times that the volume average nanocrys-
talline Mg and Nb [44,45] (Fig. 7b and Table 2). Unlike the uniaxial
yield values, the hardness numbers appear to have a similar sen-
sitivity to 2h irrespective of the hcp or bcc nature of Mg in the
nanolaminates. Thus, we observe a continuous strengthening ef-
fect in the hardness values as 2h decreases, down to 2h = 3.7 nm
for the 1.7 nm/1.9 nm Nb/Mg layer thicknesses. The strengthen-
ing slope for Nb/(hcp) Mg nanocomposites was calculated to be
6.11 GPa,/nm, which is similar to the strengthening slope of 5.67
GPa,/nm in Nb/(bcc) Mg nanocomposites. The strengthening slope
considering all five Nb/Mg layer thicknesses is also similar (6.62
GPa,/nm). Our nanoindentation results indicate that by enabling
a hcp—bcc phase transition in Mg we are able to increase the
strength of the composite to levels that have not been achieved
in Nb/Mg nanocomposites before.

These measured strengthening slope values for the Nb/Mg
nanocomposites compare favorably to both polycrystalline (non-
laminated) Mg, with grain sizes ranging from 4 pum to 450 pm,
where the Hall Petch slope has been found to vary between
ky = 19 to 9.3 GPay/nm [46-50], as well as Mg present in
a nanolaminate with reported values of k, ranging from 4.99
[51] to 10.83 [21] GPa,/nm. It is noteworthy to mention that com-
pared to prior results on Nb/Mg PVD films [21] the hardness val-
ues for the three smaller bcc-dominated Nb/Mg layer thicknesses
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Fig. 7. Hall-Petch plot of (a) 0.2% offset yield strength measured from micro-pillar
compression experiments and (b) indentation hardness with bi-layer thickness. The
two blue filled diamonds represent bi-layer thicknesses of 3.7 and 11 nanocompos-
ites (Nb/Mg layer thicknesses of 1.7 nm/1.9 nm, and 5.5 nm/5.5 nm respectively),
where Mg is present in its pseudomorphic bcc structure. The open blue diamond
represents the intermediate thickness Nb/Mg 8.4 nm/7.6 nm nanolaminate (bi-layer
thickness 16 nm) which has a mix of both bcc and hcp Mg phases, but the mechan-
ical response of this nanolaminate is dominated by the bcc Mg phase. The filled red
square data points represent the 33 and 139.2 nm thick bi-layer composites (Nb/Mg
14.1 nm/18.9 nm and 76.6 nm/62.6 nm layer thicknesses) where the deformation
response is dominated by the hcp Mg present in these nanolaminates.

Data shown in the gray circles were taken from Ref [21].
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(1.7 nm/1.9 nm, 5.5 nm/5.5 nm, and 8.4 nm/7.6 nm) reported in
this work are considerably higher (see the data shown in gray cir-
cles in Fig. 7b). As mentioned earlier, in [21] the Mg phase in the
nanocomposites was not fully bcc Mg until h < 5 nm, which might
be the reason for this discrepancy.

A second point of note is that the yield strength vs. hard-
ness strengthening slopes show different trends in our micro-pillar
compression vs. nanoindentation results, particularly for the two
larger Nb/Mg 14.1 nm/18.9 nm and 76.6 nm/62.6 nm layer thick-
nesses where Mg is in its hcp phase (Fig. 7a vs. 7b). The strength-
ening slope of the hardness values (6.11 GPa,/nm) is prominently
higher in these two nanolaminates than in their yield strength val-
ues (0.45 GPa,/nm). We suggest that this difference is related to
the near uniaxial (micro-pillar compression) vs. multiaxial (nanoin-
dentation) stress states in the deformation zone for these two ex-
perimental setups. As mentioned earlier, the PVD deposited hcp
Mg layers in these two Nb/Mg multilayers are highly textured
(Figs. 3 and 4). Thus, the nominally uniaxial micro-pillar com-
pression experiments are expected to show a strong anisotropy
in their deformation response. For example, in the isostress ori-
entation experiments shown in this work (with the compression
axis normal to the Nb/Mg interface planes, Figs. 6 and 7a), the
loading axis is parallel to the c-axis of the hcp Mg layers in
the micro-compression tests. Thus the likely to activate deforma-
tion mechanisms in this orientation are hard c-axis pyramidal slip



M. Jain, K. Yaddanapudi, A.T. Kidigannappa et al.

or contraction twinning. Our previous results have shown that
this isostress loading orientation elicits a stronger response com-
pared to other orientations, such as the isostrain orientation where
the compression axis is parallel to the Nb/Mg interface planes
(1.244-0.05 GPa yield stress for the stronger isostress orientation
Fig. 7a and Table 2 vs. 1.02+0.4 GPa for the isostrain orienta-
tion for the 76.6 nm/62.6 nm layer thickness [41]). On the other
hand, such anisotropy is expected to be less pronounced under
the multiaxial loading state present during indentation, since the
plasticity during indentation can be accommodated by activating
multiple slip modes including the relatively soft basal and pris-
matic slip modes. A similar difference between nanoindentation
and micro-pillar compression has been reported in hcp/hcp Mg/Ti
multilayered samples [51], where the shear and tensile stress com-
ponents under indentation were postulated to activate the soft and
easy slip modes in the hcp structures, leading to a strengthening
slope (ky = 4.99 GPay/nm [51]) similar to Fig. 7b. Our results in
Fig. 7a vs. 7b suggest that the higher hardening slopes observed
under indentation for the larger layer thicknesses would follow a
similar trend - i.e., the multiaxial loading state under indentation
would allow multiple ‘softer’ slip systems to be activated in the
hcp Mg layers leading to an increased barrier strength along the
hcp/bcec interfaces and a higher hardening response.

Another remarkable property is the increased strain to fail-
ure with decreasing layer thickness in the Nb/Mg nanocompos-
ites. Fig. 8a and 8b show the stress and strain values at insta-
bility respectively as a function of the bi-layer thicknesses (2h)
for each Mg/Nb nanocomposite during the micro-pillar compres-
sion experiments. The two blue filled diamonds represent bi-layer
thicknesses of 3.7 and 11 nanocomposites (Nb/Mg layer thicknesses
of 1.7 nm/1.9 nm, and 5.5 nm/5.5 nm respectively), where Mg is
present in its pseudomorphic bcc structure. The open blue dia-
mond represents the intermediate thickness Nb/Mg 8.4 nm/7.6 nm
nanolaminate (bi-layer thickness 16 nm) which has a mix of both
bcc and hcp Mg phases, but the mechanical response of this
nanolaminate is dominated by the bcc Mg phase. The filled red
square data points represent the 33 and 139.2 nm thick bi-layer
composites (Nb/Mg 14.1 nm/18.9 nm and 76.6 nm/62.6 nm layer
thicknesses) where the deformation response is dominated by the
hcp Mg present in these nanolaminates. We note that only a lim-
ited number of pillars were compressed past the failure (insta-
bility) stresses in our experiments (see Table 2). However, some
trends are apparent even from this limited dataset. The instability
stress values in Fig. 8a appear to follow a similar trend to those of
the yield stresses in Fig. 7a. Thus, a lower strengthening slope for
the two larger hcp-Mg dominated Nb/Mg layer thicknesses is ob-
served, followed by a sharp increase in the strengthening slope up
to 2h = 11 nm (5.5 nm/5.5 nm Nb/Mg layer thickness). A plateau
in the instability stress is also observed below this layer thickness,
and the instability stress for the smallest Nb/Mg layer thickness
(1.7 nm/1.9 nm, 2h = 3.7 nm) is virtually identical to that of the
5.5 nm/5.5 nm Nb/Mg layer thickness (~2.7 GPa in both cases, see
Table 2).

The micro-compression strain at instability in the pillars also
follows a similar trend. Lower instability strains (~ 0.06-0.07) were
measured for the two larger Nb/Mg layer thicknesses whose de-
formation response is dominated by the hcp-Mg present in the
nanolaminates (Nb/Mg 14.1 nm/18.9 nm and 76.6 nm/62.6 nm).
The intermediate thickness 8.4 nm/7.6 nm Nb/Mg multilayer also
has a similar low instability strain value (0.07-0.08). However,
the strain to failure more than doubles (to 0.144+0.009) for the
5.5 nm/5.5 nm Nb/Mg multilayer where the entire Mg layer is in
its pseudomorphic bcc phase. With further decrease in the layer
thickness, a slightly lower failure strain (~0.010-0.11) is observed
for the smallest 1.7 nm/1.9 nm Nb/Mg layer thickness. Note that
even with this decrease, the failure strain for the 1.7 nm/1.9 nm
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Fig. 8. (a) Stress at instability and (b) strain at instability plotted against the inverse
square root of the bi-layer thickness for the five Nb/Mg nanolaminates studied in
this work.

The two blue filled diamonds represent bi-layer thicknesses of 3.7 and 11 nanocom-
posites (Nb/Mg layer thicknesses of 1.7 nm/1.9 nm, and 5.5 nm/5.5 nm respectively),
where Mg is present in its pseudomorphic bcc structure. The open blue diamond
represents the intermediate thickness Nb/Mg 8.4 nm/7.6 nm nanolaminate (bi-layer
thickness 16 nm) which has a mix of both bcc and hcp Mg phases, but the mechan-
ical response of this nanolaminate is dominated by the bcc Mg phase. The filled red
square data points represent the 33 and 139.2 nm thick bi-layer composites (Nb/Mg
141 nm/18.9 nm and 76.6 nm/62.6 nm layer thicknesses) where the deformation
response is dominated by the hcp Mg present in these nanolaminates.

Nb/Mg nanolaminate is 45- 80% higher than the hcp Mg based
nanolaminate counterparts (instability strains of ~0.010-0.11 vs. ~
0.06-0.07).

This is another remarkable result and is in contrast with the
conventional trend, where typically the strain to failure decreases
with a decrease in layer thickness, crystal diameter or grain
size [3,4]. Worthwhile highlighting again is the homogenous de-
formation behavior of the two smaller Nb/Mg layer thicknesses
(1.7 nm/1.9 nm and 5.5 nm/5.5 nm, Fig. 6). These layer thick-
nesses exhibit uniform deformation until final instability by bend-
ing, compared to the localized shear band formation in case of the
two larger Nb/Mg 14.1 nm/18.9 nm and 76.6 nm/62.6 nm nanolam-
inates.

4. Discussion

A key finding of this work is a continued increase both in
strength (uniaxial and indentation hardness) and in strain to fail-
ure with decreasing layer thicknesses, a trend very seldom re-
ported in nanolaminates consisting of pure metals. We suggest
two factors that contribute towards such enhanced strength and
mechanical stability, namely the change to a coherent interface
from an incoherent one (suppresses slip transmission and under-
lying softening) and introduction of a more plastically isotropic
bcc material from an anisotropic hcp structure (promotes co-
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deformation). Both these phenomena are achieved by enabling
a hcp-to-bcc pseudomorphic phase transition in Mg, resulting
in strength and mechanical stability levels that have not been
achieved in Mg-based nanocomposites before.

The well known “smaller is stronger” effect has been reported
in several metallic nanocrystalline materials [1,52] but there is
usually a limit crystal size below which the material strength soft-
ens, a so-called inverse Hall-Petch effect. For example, in prior
work by Misra et al. on the Cu/Nb multilayer system [1], the
plateau (or softening) strength was reported at layer thicknesses
below 5-10 nm. It was attributed to a transition from the confined
layer slip mechanism, which applies at a few tens of nanometers
range, to dislocations starting to transmit across the interface. The
TEM analysis of the two smallest thickness Nb/Mg nanocomposites
in this work (Nb/Mg 1.7 nm/1.9 nm and 5.5 nm/5.5 nm, where Mg
is in its pseudomorphic bcc state, Fig. 1) shows that the interfaces
in nanolaminates possess a cube-on-cube orientation relationship
and are coherent. Evidently this interface is also resistant to slip
transmission as the incoherent one. Further, the coherency stresses
and image stresses (due to differences in elastic moduli) could also
enhance the resistance to slip transmission.

It is worth highlighting again that the smaller thickness bcc
Nb/Mg composites demonstrate an unusually homogeneous re-
sponse for such fine nanostructured metals (see Fig. 6 for the com-
pression behavior of Nb/Mg 1.7 nm/1.9 nm, 5.5 nm/5.5 nm, and
8.4 nm/7.6 nm). Two factors are expected to contribute to this ho-
mogeneous deformation. First, bcc materials have at least 48 slip
systems available for deformation with relatively small differences
in activation barrier compared to the fewer slip systems in hcp
materials. DFT calculations of gamma surfaces have suggested that
the same 48 slip systems common to bcc metals are favorable in
bcc Mg [23]. Second, the interfaces permit co-deformation of the
Mg and Nb nanolayers. This would suggest that plastic deforma-
tion in the smaller thickness bcc Nb/Mg multilayers occurs via dis-
crete, single dislocations events. Individual dislocations can nucle-
ate from one boundary and get absorbed at another and do not
pile up within the layers. Sustaining homogeneous plasticity relies
on the transfer of dislocations across the interfaces to prevent pile-
ups that localize deformation and generate stress concentrations.
Further efforts, particularly atomistic simulations or crystal plastic-
ity modeling, may be needed to validate these notions.

The intrinsic structural properties of the bcc Mg phase alone
are hard to distinguish from the extrinsic effect of nano-layer con-
finement and the interface. Prior modeling studies involving den-
sity functional theory have indicated that the elastic constants of
bcc Mg are higher and more anisotropic than those of hcp Mg
[53]. A crystal plasticity model incorporating confined layer slip
successfully predicted the deformation response and slip mech-
anisms underlying the room temperature deformation of bcc/bcc
and hcp/bcc Mg/Nb nanolaminates [41]. The modeling work re-
vealed that the bcc Mg phase is stronger than the hcp Mg phase
due to not only the reduction in layer thickness but because the
glide on the {110}(111) and {112}(111) slip systems is harder than
basal slip in hcp Mg.

Figs. 2, 3 and 4 also indicate that even for the larger Nb/Mg
layer thicknesses there exists a thin layer of the pseudomorphic
bcc Mg at the Nb/Mg interface. As mentioned earlier, the thick-
ness of this thin bcc Mg layer is relatively constant across all
the three larger Nb/Mg layer thicknesses (Nb/Mg 8.4 nm/7.6 nm,
141 nm/18.9 nm and 76.6 nm/62.6 nm) studied in this work.
Thus, with increasing overall layer thicknesses the volume frac-
tion of bcc Mg decreases. As seen from the results in Tables 1 and
2, the improvements in strain to failure of the nanolaminates is
strongly correlated with the approximate volume fraction of the
pseudomorphic bcc Mg present in the layers. Among the multi-
layers where Mg is present in its hcp structure, the intermediate
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thickness 8.4 nm/7.6 nm Nb/Mg multilayer has the largest vol-
ume fraction of bcc Mg, and hence this multilayer shows a mix-
ture of hcp and bcc dominated responses under compression. For
example, while the micro-compression deformation response of
the 8.4 nm/7.6 nm Nb/Mg multilayer is more homogenous and
does not exhibit the instability shown in the two larger Nb/Mg
14.1 nm/18.9 nm and 76.6 nm/62.6 nm layer thicknesses, the fail-
ure strain values of this multilayer is still smaller than those of the
fully bcc Mg multilayers (Nb/Mg 1.7 nm/1.9 nm and 5.5 nm/5.5 nm,
Table 2). As we increase the multilayer thickness, the volume frac-
tion of bcc Mg become much smaller, and its effect becomes neg-
ligible. Thus, the deformation response of the two largest Nb/Mg
layer thicknesses (Nb/Mg 14.1 nm/18.9 nm and 76.6 nm/62.6 nm)
is dominated primarily by the hcp Mg phase present in these
nanolaminates.

The TEM analysis of this Nb/Mg 8.4 nm/7.6 nm layer thick-
ness (Fig. 2) also indicates that the critical layer thickness for the
pseudo-morphic transformation is not a singular value but may
manifest as a range of thicknesses over which the phase transfor-
mation gradually occurs. Interesting microstructurally complex mi-
crostructures are present, where the bcc pseudomorphic Mg phase
forms a coherent interface with the Nb phase and an incoherent
interface with the interior hcp Mg phase. These findings motivate
further work into the underlying physics - such as the role of thin
film stresses — behind the characteristic length scales governing
the interface-driven pseudomorphic transformation in Mg.

Our study also helps to experimentally establish the correla-
tion between indentation hardness and uniaxial yield in multilay-
ered nanocomposites. Our results (Table 2) show that instead of a
constant number, the hardness/yield stress ratio is strongly depen-
dent on the plastic anisotropy of the multilayer components and
the orientation of the loading axis during testing. For the three
smaller Nb/Mg layer thicknesses (1.7 nm/1.9 nm, 5.5 nm/5.5 nm,
and 8.4 nm/7.6 nm) the hardness/yield stress ratio varies between
2.32 to 2.62. In these cases, the deformation is dominated by the
more plastically isotropic bcc Mg structure, and in our work the
nanolaminate is tested in the isostress orientation (compression
axis normal to the Nb/Mg interface planes). On the other hand,
when the deformation response is dominated by the more plas-
tically anisotropic hcp Mg component in the multilayer, a much
lower ratio of 1.61 to 1.88 was measured for the two larger Nb/Mg
14.1 nm/18.9 nm and 76.6 nm/62.6 nm layer thicknesses. For these
larger Nb/Mg layer thicknesses the compression loading axis was
parallel to the c-axis of the hcp Mg layer present in the compos-
ite. Encouragingly, these ratios are relatively constant with chang-
ing layer thicknesses for the hcp Mg-dominated Nb/Mg multilayers
in the composite.

Both the uniaxial yield and hardness values are expected to
vary for other loading orientations. For example, in the isostrain
orientation (where the compression axis is parallel to the Nb/Mg
interface planes) the uniaxial yield values have been reported to
be lower (1.144+0.04 and 1.02+0.4 GPa for the 5.5 nm/5.5 nm and
76.6 nm/62.6 nm layer thicknesses respectively [41]) than those
shown in Table 2. Hardness values in the isostrain orientation were
not measured in [41].

Over the past decades various attempts have been made to-
wards predicting the hardness over uniaxial yield stress ratio
[54-59] - see [60-62] for a detailed critique. Most of these stud-
ies have reported a (hardness/yield stress) factor of ~3 for elastic-
perfectly plastic response, and multiple follow-up reports in liter-
ature have also use the factor of 3 for multilayered materials [1].
However, the results shown in Table 2 suggest caution before using
a constant hardness/yield stress ratio for predictive purposes [62],
especially in the case of anisotropic multilayered nanocomposites
where different deformation mechanisms can be activated under
uniaxial vs. multiaxial loading conditions.
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5. Conclusions

In summary, our results reveal that the hcp-to-bcc pseudomor-
phic phase transformation of the Mg phase of Nb/Mg multilay-
ered nanocomposites allows for concurrent improvements in both
strength and strain-to-failure with decreasing layer thicknesses of
the nanolaminates. Nb/Mg nanolaminates containing the bcc pseu-
domorphic Mg phase were found to have >60% higher strengths
and >80% higher strain-to-failure values over those containing the
traditional hcp Mg phase. This is a unique result and is in contrast
with most literature reports on bi-metallic nanolaminates where
the composite stress is known to plateau or even decrease below
a certain layer thickness, and where such higher strengths are typ-
ically accompanied by a decrease in the mechanical stability of
the composites. Our results suggest that the enhanced strength
in Nb/Mg nanolaminates could be related to the change in inter-
face character from an incoherent bcc/hcp interface to a coherent
bcce/bee one, which suppresses slip transmission and hence delays
the underlying softening. Additional TEM investigations are needed
to confirm this hypothesis.

Our HR-TEM results also provide important insights on the
pseudomorphic hcp-to-bcc phase transformation process in Mg.
Mg was found present in its pseudomorphic bcc structure for
the two smaller Nb/Mg layer thicknesses of 1.7 nm/1.9 nm and
5.5 nm/5.5 nm, while the two largest Nb/Mg layer thicknesses
(14.1 nm/18.9 nm and 76.6 nm/62.6 nm) had a thin layer of bcc Mg
at the Nb/Mg interface, followed by hcp Mg. The thickness of the
thin bcc Mg layer at the Nb/Mg interface was found to be slightly
but consistently larger at the top of each individual Mg layer. The
intermediate thickness Nb/Mg 8.4 nm/7.6 nm nanolaminate had a
mix of both bcc and hcp Mg phases, and the bcc vs. hcp Mg phases
were found to vary with changes in the total thin film thickness
and the local film stresses present in the multilayer. These find-
ings add to a growing body of work related to the underlying pro-
cesses governing the interface-driven pseudomorphic transforma-
tion in Mg.

Our investigations reported similar values 0.2% offset yield
stress values, stress at instability, strain at instability, as well as
the general in-situ deformation behavior, between micro-pillars of
square vs. circular cross-section shapes composed of Nb/Mg multi-
layers of various layer thicknesses and aspect ratios. These results
suggest that either the square or the circular micro-pillar geome-
tries can be used to reliably examine the micro-compression re-
sponse in nanolaminates.

Additionally, the correlation between indentation hardness and
uniaxial yield is established for the multilayered nanocomposites
in this work. Interestingly, instead of a constant number, the hard-
ness/yield stress ratios are found strongly dependent on the plastic
anisotropy of the multilayer components and the orientation of the
loading axis during testing.
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