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Abstract: Nanotwinned metals have exhibited many enhanced physical and mechanical properties.
Twin boundaries have recently been introduced into sputtered Al alloys in spite of their high stacking
fault energy. These twinned Al alloys possess unique microstructures composed of vertically aligned
Σ3(112) incoherent twin boundaries (ITBs) and have demonstrated remarkable mechanical strengths
and thermal stability. However, their strain rate sensitivity has not been fully assessed. A modified
nanoindentation method has been employed here to accurately determine the strain rate sensitivity
of nanotwinned Al–Zr alloys. The hardness of these alloys reaches 4.2 GPa while simultaneously
exhibiting an improved strain rate sensitivity. The nanotwinned Al–Zr alloys have shown grain
size-dependent strain rate sensitivity, consistent with previous findings in the literature. This work
provides insight into a previously unstudied aspect of nanotwinned Al alloys.

Keywords: nanotwinned metals; strain rate sensitivity; nanoindentation; transmission electron
microscopy; aluminum alloys

1. Introduction

The mechanical strength of single-phase metallic materials is often largely determined
by their grain size (d), and such dependence is often described by the classic Hall–Petch
relationship [1–4]:

σy = σ0 + kyd
−1
2 (1)

where σy is the yield strength, σ0 is the friction stress, and ky is the Hall–Petch coefficient.
Various efforts have been made to push material grain sizes into the nanometer regime [5,6]
via severe plastic deformation [7–10], physical vapor deposition [11–15], and inert gas
condensation [16–19]. These studies have focused on nanocrystalline (NC) materials with
grain sizes of less than 100 nm that show remarkable mechanical properties as well as
novel grain boundary (GB)-mediated deformation mechanisms [20]. Another mechanical
property closely linked to GB spacing is strain rate sensitivity (SRS) [21]. SRS is an important
parameter that describes both the deformability and thermally activated deformation (creep)
of metallic materials [22–24]. Correspondingly, increasing the SRS exponent (m) is typically
linked to enhanced ductility [21,22]. The variation in SRS of metallic materials is also
heavily dependent on their crystal structures. Body-centered cubic (BCC) metals are much
more sensitive to changes in temperature and strain rate than face-centered cubic (FCC)
metals due to their lower activation volumes [21,25–27]. FCC metals exhibit increasing SRS
with decreasing grain sizes, while BCC metals show the opposite trend [22,25,27]. Chen
et al. demonstrated that UFG and NC FCC Cu revealed increasing m with decreasing grain
size [24]. Quantifying the relationship between SRS and microstructures is crucial to fully
understand the mechanical response of NC metallic materials.

Nanotwinned (NT) metals have been extensively investigated due to their simulta-
neous increase in strength and ductility [28–32]. Most prior studies on NT metals have
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focused on systems with low stacking fault energy (SFE) [33–35], characteristic of a few FCC
metals including Cu (22 mJ/m2) [36,37], Ag (16 mJ/m2) [38,39], and several stainless steels
(~50 mJ/m2) [40]. A high SFE provides a significant barrier to twin formation [41]. Recently,
magnetron sputtering has been used to stabilize far-from-equilibrium NT structures in
high SFE Al films [42–44]. The addition of transition metal solute reduces twin spacing
and can further promote the strong {111} texture needed to form vertically aligned Σ3(112)
incoherent twin boundaries (ITBs) [45–51]. Zhang et al. reported a flow strength of ~2 GPa
in NT Al–Ni alloys using in situ micropillar compression while maintaining remarkable
deformability and thermal stability [52,53]. Molecular dynamics (MD) simulations and in situ
mechanical testing identified the mobility of the partial dislocations composing the 9R phase as
a significant factor in accommodating the deformability of NT Al alloys while simultaneously
providing a barrier to dislocation motion [48]. Zr solute has proven effective in promoting a
high twin density and large volume fraction in the 9R phase [45,46]. Additionally, Zr enables
prominent thermal stability of nanostructures in NT Al–Co–Zr alloys [44]. Understanding the
behavior of Zr solute in Al is also relevant to a range of cast and additively manufactured Al
alloys [54–56]. NT metals have also exhibited enhanced SRS due to the activation of Shockley
partial dislocations [57,58]. However, the contribution of ITBs on the SRS of NT Al alloys has
not been explored to date and remains a gap in current understanding.

In this study, we applied a nanoindentation technique to probe the SRS of NT Al–
Zr. We used the modified nanoindentation technique to overcome the difficulty of large
measurement uncertainty at a low strain rate and were able to arrive at a reliable SRS for
specimens. The NT Al alloys exhibit grain size-dependent SRS comparable to Al and Al
alloys with similar grain sizes. The roles of ITB microstructure and partial dislocations on
enhanced SRS in NT Al alloys are discussed.

2. Materials and Methods

Several 2 µm Al–Zr alloy films with 50 nm Ag seed layers were magnetron sputtered at
room temperature onto HF-etched Si(111) substrates. The Ag seed layer serves to promote
a strong (111) texture in the Al–Zr alloy films due to the similarity in lattice parameters.
Targets of 99.999% Al, 99.995% Zr, and 99.999% Ag were used for deposition at a gas
pressure of 3.5 mTorr. The chamber base pressure was evacuated to 5 × 10−9 Torr. A
Panalytical Empyrean X’pert PRO MRD diffractometer was used to collect out-of-plane
θ–2θ and pole figure X-ray diffraction (XRD) scans. Transmission electron microscopy (TEM)
samples were mechanically polished and thinned using low-energy Ar ion milling. TEM
imaging was conducted using an FEI Talos 200X analytical microscope operated with an
accelerating voltage of 200 kV. Energy-dispersive X-ray spectroscopy (EDS) was conducted
using a Fischione ultra-high-resolution high-angle annular dark field (HAADF) detector and
a super X EDS detector. Hardness and elastic modulus were calculated from nanoindentation
measurements performed using a Berkovich tip on a Hysitron TI Premiere nanoindenter
under displacement control. The indentation depth was less than 15% of the film thickness
to prevent any substrate effects. Figure 1d depicts the test setup schematically and Figure 1e
contains typical plots of the displacement vs. time for tests at various strain rates.

A modified nanoindentation methodology was implemented in this study to reliably
probe film hardness at low strain rates [22]. Thermal drift provides a significant hurdle to
reliable nanoindentation experiments when indenting at low strain rates (

.
ε < 0.05 s−1) leading

to significant scatter in both hardness and modulus measurements. Conventional nanoinden-
tation calculates the reduced modulus (Er) and hardness (H) using the following method:

hc = h− 0.75·P
S

(2)

A = m0h2
c + m1hc (3)

Er =

√
π

2
S√
A

(4)
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H =
P
A

(5)

where hc is the contact depth, P is the normal applied load, S is the stiffness, A is the contact
area, and m0 and m1 are constants determined through a calibration process using a known
material. As thermal drift leads to an unreliable determination of the contact area, the
modified method utilizes the standard nanoindentation method at high strain rates to
measure Er, and then back calculates A and H using Equation (5) and:

A =
π

4
× S2

E2
r

(6)
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Figure 1. Comparison of (111) and (200) X-ray pole figures among (a) pure Al, (b) nanotwinned (NT)
Al–4.3Zr, and (c) NT Al–10Zr, revealing strong (111) textures in all three films. The six-fold symmetry
in the Al–Zr alloys indicates twin formation. (d) Schematic detailing the nanoindentation test setup
used in this study. (e) Displacement vs. time plots for Al–10Zr highlighting the various constant
strain rates used during each displacement-controlled nanoindentation test on each sample.

A flow chart adapted from [22] has been included as Supplementary Figure S4 to
further clarify the procedure. Constant strain rate indents were performed on each sample
at 6 different strain rates (0.005 s−1, 0.01 s−1, 0.05 s−1, 0.1 s−1, 0.5 s−1, and 1 s−1) with
75 indents performed per test to ensure statistical reliability.

3. Results

Structural and textural information for the NT Al–Zr alloys were collected using both
pole figures and θ–2θ XRD scans. Figure 1a demonstrates that the pure Al film pole figures
possess three-fold symmetry, characteristic of strong (111) texture. Notably, Zr solute additions
induce a shift to 6-fold symmetry in the Al–4.3Zr and Al–10Zr pole figures, indicating the
formation of a high density of twin boundaries, highlighted in Figure 1b,c. The twin spot
intensity is stronger in the Al–10Zr sample than the other samples, indicating that the twin
density increases with higher Zr content. In the θ–2θ XRD spectra in Supplementary Figure S1,
only peaks from the Si(111) substrates and the Al films were present, suggesting no second
phase formation. Peaks corresponding to the Ag (222) are present due to the seed layer.

The microstructures of the as-deposited NT Al–Zr alloys were investigated using
TEM, and both plan-view (PV) and cross-section TEM (XTEM) micrographs are presented
in Figure 2. Figure 2a contains a bright field (BF) PV-TEM image of the pure Al film
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revealing ultra-fine grains (~250 nm). The selected area diffraction (SAD) patterns for pure
Al (Figure 2a) and NT Al–4.3Zr (Figure 2b) identify the single-crystal-like (111) texture,
which is identified by a collection of individual grains all exhibiting strong out-of-plane
(111) textures. Notably, the Zr solute additions refine the microstructure down to ~50 nm in
the NT Al–10Zr film. Figure 2c reveals a breakdown of the single-crystal-like texture and a
nanocrystalline microstructure in the Al–10Zr film, as identified by the (220) diffraction ring
in the corresponding SAD pattern. This textural evolution has been explored and discussed
in our previous work [45,46]. The grain size distributions are presented in Supplementary
Figure S2 with over 100 measurements per sample. Supplementary Figure S3 contains EDS
maps collected using TEM, which reveals a complete solid solution of Zr solute into the Al
matrix. XTEM images are presented in Figure 2d–f to further assess the microstructural
evolution as Zr solute content increases. The pure Al film (Figure 2d) is composed of coarse
columns (~250 nm) with no twin boundaries identified through the corresponding SAD
pattern. Figure 2e,f reveal the NT Al–Zr films are composed of an abundance of vertically
oriented Σ3(112) incoherent twin boundaries (ITBs). The twinned diffraction spots in the
corresponding SAD patterns in Figure 2e,f confirm the presence of vertically oriented twin
boundaries. In addition, the 1

3
(
111

)
spots present in the SAD patterns in Figure 2e,f confirm

the presence of stacking faults composing diffuse ITBs or the 9R phase. The HRTEM image
inset in Figure 2f depicts the periodic stacking fault array constructing the 9R phase, with
the fast Fourier transform (FFT) containing both twin spots and the 1

3
(
111

)
mentioned

previously. The hardness was measured using displacement-controlled nanoindentation,
and the resulting hardness values are plotted with Zr content in Figure 3a.
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Figure 2. (a) Plan-view (PV) transmission electron microscopy (TEM) micrograph of the ultra-fine-grained
pure Al film with the corresponding inserted selected area diffraction (SAD) pattern revealing the single-
crystal-like (111) out-of-plane texture. (b) PV-TEM micrograph of the NT Al–4.3Zr alloy film revealing
fine grains and the corresponding SAD pattern identifying the single-crystal-like (111) texture. (c) PV-
TEM micrograph of the NT Al–10Zr alloy film revealing fine grains and the corresponding SAD pattern
showing a strong (111) out-of-plane texture. (d) Cross-section TEM (XTEM) micrograph of pure Al with
the corresponding SAD pattern. (e) XTEM micrograph of the NT Al–4.3Zr alloy with the corresponding
SAD pattern revealing columnar nanotwin boundaries. (f) XTEM micrograph of the NT Al–10Zr alloy
with the corresponding SAD pattern revealing columnar nanotwin boundaries and a high-resolution
TEM (HRTEM) inset highlighting the periodic stacking fault array in diffuse ITBs or the 9R phase.
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Figure 3. (a) Hardness and grain size plotted as a function of Zr solute concentration. (b) Plot
detailing the evolution of grain size and 9R phase fraction with the concentration of Zr.

Figure 3b plots the grain size and 9R phase fraction against the Zr content, revealing
significant grain size reduction down to ~50 nm as well as a consistent increase in the 9R
fraction with increasing Zr content. The 9R phase fraction was determined using HRTEM
analysis of ~100 grains per sample and the details of the calculation are provided in [45].
A monotonic increase in hardness is identified with increasing Zr content, with the NT
Al–10Zr films reaching a hardness of ~4.2 GPa. Constant strain rate nanoindentation
was also conducted at the six different strain rates, as presented in Figure 1e. Figure 4a
compares the results from the conventional and modified nanoindentation methods [22]
and demonstrates the reliability of the modified method at low strain rates. In contrast, the
conventional method introduces unusually high hardness and large variations at low strain
rates. As the SRS of a material is a measure of the change in flow stress for various strain
rates (m = ∂σ

∂ε = ln σ
ln ε ), H must be divided by the Taylor factor (~3) in order to estimate the

film flow stress. Accordingly, the results from the constant strain rate tests are presented as
ln(H/3) vs. ln(

.
ε) in Figure 4b, where the slope gives the SRS value, m. The pure Al films

exhibit a m of ~0.0094, which corresponds well with previous studies. Notably, increasing
the Zr content and twin density leads to a jump in m up to 0.0187 and 0.0297 in the NT
Al–4.3Zr and Al–10Zr coatings.
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Figure 4. (a) Comparisons of hardness vs. displacement plots for the NT Al–10Zr specimen by using
the conventional and modified nanoindentation method at various strain rates. (b) Comparison of
constant strain rate nanoindentation results among Al, and NT Al–4.3Zr and Al–10Zr films revealing
an increase in strain rate sensitivity (m) at higher Zr content.



Crystals 2023, 13, 276 6 of 11

4. Discussion

The unique NT microstructure presented in this study originates from a few factors.
First, the dominant (111) texture promotes twin formation during the nucleation and
growth of the sputtered Al–Zr coatings. The Zr solute improves this texture, whereas the
pure Al films are polycrystalline in nature and composed of randomly oriented grains.
Σ3(112) ITBs, shown in Figure 2e,f, form along specific crystallographic planes which are
prevalent in (111)-textured films. The difference in microstructure between pure Al and
NT Al–Zr is stark as the strong texture alters the grain boundary structure, promoting ITBs
in NT Al. Second, the high quench rates experienced during magnetron sputtering trap
a higher volume fraction of Zr solute atoms in the solution, generating a supersaturated
solid solution [59]. The Zr solute facilitates significant grain refinement and a strong (111)
texture, as depicted in Figure 3a, leading to an abundance of vertically oriented ITBs.
The high SFE of Al and the lack of solute leads to a microstructure of randomly oriented
high-angle grain boundaries in pure Al. The 9R phase is the nomenclature used to describe
diffuse ITBs, and an example of this is provided in the HRTEM micrograph in Figure 2f.
Based on HRTEM evidence of ITBs in pure Cu and molecular dynamics simulations, ITBs
are composed of a periodic array of three Shockley partial dislocations with a b2:b1:b3
arrangement involving three adjacent {111} planes [48,60–63]. The b2 and b3 Shockley
partials are relatively immobile mixed dislocations with 1/6 [211] and 1/6 [121] Burgers
vectors, respectively. The b1 Shockley partial is a pure edge dislocation with a Burgers
vector of 1/6 [112]. b1 is able to glide due to a smaller Peierls barrier, leading to diffuse
ITBs or the 9R phase [61]. MD simulations demonstrate the contribution of Fe solute in
stabilizing the 9R phase in pure Al [48]. The high SFE of Al prevents 9R formation in
pure Al, whereas the Zr solute stabilizes the diffuse ITB structure by pinning the Shockley
partials. Figure 3b reflects the increase in the 9R phase identified at higher Zr solute levels.

The hardness of NT Al–Zr reaches 4.2 GPa, as shown in Figure 3a, which is high
compared to classical Al alloys. The strengthening mechanisms contributing to this high
hardness include solid solution strengthening and boundary strengthening. Per our pre-
vious work, the contribution from solid solution strengthening was calculated based on
the Fleischer formulation [45]. Despite the supersaturated solid solution stabilized by the
high sputter quench rate, it was found that solid solution strengthening only contributes
~28 MPa in the Al–10Zr alloy. This value is far below the measured hardness, and since the
XRD spectra presented in Supplementary Figure S1 identify no second phase formation,
boundary strengthening was determined to be the main factor behind the improved me-
chanical properties. The Hall–Petch coefficient for NT Al–Zr alloys was determined to be
~9.3 GPa·nm1/2, which is almost twice that for nanocrystalline Al [45,46]. As MD simula-
tions and in situ nanoindentation experiments demonstrate that ITBs obstruct dislocation
motion and transmission similar to conventional grain boundaries [64], the jump in the
Hall–Petch slope can be attributed to the high density of stacking faults composing the 9R
phase. Our previous work determined that the 9R phase contributes ~6.9 GPa·nm1/2 to
the Hall–Petch slope, supporting the significant role stacking faults can play in mechanical
properties. This analysis corresponds well with previous MD simulations identifying
extensive interactions between dislocations and the 9R phase in NT Al–Fe [48]. Su et al.
also demonstrated an enhancement of mechanical properties in Co thin films with an
abundance of stacking faults [65].

The modified nanoindentation method implemented in this study enabled the probing
of the strain rate sensitivity of NT Al–Zr alloys. To minimize data skew at low strain rates
due to thermal drift, the modified method from Liu et al. [22] was utilized to analyze
the constant strain rate nanoindentation data. The indented area at low strain rates (A)
was calculated based on the reduced elastic modulus (Er) measured at high strain rates,
mitigating the issue of thermal drift at low strain rates. This approach enables quick
analysis of the already collected data while maintaining consistency across the test methods
at different strain rates. Figure 4a compares the hardness values as a function of indentation
depth and underscores the issues with the conventional method at low strain rates. High
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levels of thermal drift at low strain rates (0.005 s−1) induce artificially high hardness and
large skew in the data compared with the high strain rates (0.5 s−1). Figure 4a highlights
the consistency and reliability of the modified method as the data are consistent and
reproducible. To assess the performance of these coatings and to further validate the
results from this study, we compared the m values collected in this work with prior studies
on various FCC metals (Figure 5a) implementing various test techniques (tensile testing,
compression, and rate jump tests) in Figure 5a [23,66–73]. It has been well documented
that m increases with decreasing grain size in FCC metal systems, and Figure 5b reflects
the same trend [24]. The pure Al film exhibits a similar rate sensitivity (m = 0.0094) as
the ultra-fine-grained Al and Cu tested using bulk methods, which further validates the
methodology used in this work. Compared with bulk Al and Al alloys, the NT Al–4.3Zr
and Al–10Zr alloys have greater m values [69], increasing to 0.0297 in the Al–10Zr alloy.
This finding suggests the presence of ITBs and 9R phase bolster the SRS in NT Al alloys.
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Figure 5. (a) Comparison of known values of m for various FCC metals (Al, Ni, and Cu) plotted as
a function of grain size as tested using various techniques. The results from the nanoindentation
technique are consistent with previous findings and highlight the bolstered strain rate sensitivity in
NT Al–Zr alloys [22,24,58,66–71]. (b) Schematic comparing the UFG Al film with full dislocations
and conventional grain boundaries (GBs) with the NT Al–Zr alloys composed of a mixture of GBs
and ITBs as well as an abundance of partial dislocations (9R phase).

The SRS of NC FCC metals has been shown to be highly dependent on grain size
(d) [24–26], and is given by [74]:

m =
kT
ξb
· 1

χ
(
αµb
√

ρd
)
+ β
√

d
, (7)

where k is Boltzmann’s constant, b is the Burgers vector, µ is the shear modulus, ξ is the
distance swept by a glide dislocation, and α, β, and χ are proportional factors. This model
suggests that m will increase as grain size decreases, in agreement with the results from
this study [74,75]. Equation (7) provides insight into the grain-size-dependent variation
of m. However, its application to specific cases is difficult as it depends on a number of
proportional factors that are yet to be determined [74]. The estimated m for NC Al with
a grain size of 50 nm is 0.017, which is below that of NT Al–10Zr with a similar grain
size. This difference can be attributed to multiple factors that are accounted for within the
model itself, including the magnitude of b, the dislocation density (ρ) providing dislocation
barriers during deformation, and the activation volume, represented by ξ. The influence
of grain size has been isolated as a factor as the plots in Figure 5a directly compare m
in NT Al–Zr with various FCC metals composed of similar grain sizes (columnar twin
spacing in this study). First, as demonstrated in the HRTEM micrograph in Figure 2f and
depicted schematically in Figure 5c, introducing an abundance of ITBs provides a high
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density of mobile Shockley partial dislocations that carry plasticity. The b of these partial
dislocations is 1

6 〈112〉, which is smaller in magnitude than the full dislocations operating in
NC Al at similar grain sizes (60–100 nm). As captured in Equation (2), dislocations with a
smaller b will increase m. Incorporating this factor into the model increases the predicted m
from 0.017 to 0.033, which is closer to the experimentally measured m of 0.0294. Second,
ρ increases slightly due to the presence of partial dislocations composing the 9R phase.
However, the current model accounts for a moderate pre-existing dislocation density and
any slight changes are muted by the inverse square root relationship between ρ and m.
Finally, ξ is expected to decrease in NT Al alloys since the high-density stacking faults
composing the 9R phase provide additional barriers to dislocation motion, leading to an
increase in m.

Previous research exploring the SRS of NT Cu has highlighted the role that coherent
twin boundaries (CTBs) play in improving mechanical properties [28,29]. Refining twin
spacing to ~15 nm bolstered strength to 900 MPa while maintaining significant plastic-
ity [29]. The concomitant high strength and ductility are attributed to an abundance of
pre-existing mobile partial dislocations forming steps on the CTBs, the density of which
increases at finer twin thicknesses [29]. Similarly, Lu et al. investigated the influence of
these nanoscale twins on rate sensitivity and found that increasing twin density improved
m [71]. The increased m values were attributed to extensive dislocation interactions with
CTBs and an increased dislocation generation from the steps along CTBs. In situ nanoin-
dentation tests of CTBs in Cu revealed that Shockley partial dislocations can propagate
along CTBs, promoting extensive dislocation activity within twins [76,77]. As the 9R phase
identified in NT Al–Zr is composed of arrays of mobile Shockley partial dislocations, it is
likely responsible for the improved SRS of NT Al–Zr [45,61]. Although the high strength
and deformability of NT Al alloys has been extensively documented through in situ mi-
cropillar compression [44,46,53,78,79], there have been no attempts to characterize the SRS
of this unique microstructure composed of vertically aligned ITBs. Figure 5b contrasts the
pure Al and NT Al–Zr microstructures. Plasticity in the pure Al films is dominated by
full-dislocation motion since the grain size is on the order of a few hundred nanometers,
and the SRS follows previous model predictions in the literature. In comparison, Figure 5b
depicts the increase in partial dislocations in NT Al alloys accompanying the increased twin
density, and the mobility of these partials drives the boost in SRS. Accompanying the boost
in plasticity, the abundance of 9R phase and Shockley partials captured in the HRTEM
in Figure 2f provides a source for improving m. As mentioned previously, the decrease
in b provides another source for the rate sensitivity increase in NT Al–Zr. Ultimately,
the microstructural complexity of NT Al–Zr is crucial in maintaining high strength and
plasticity [46,48], and its influence on SRS is evidenced through this study.

5. Conclusions

The application of a constant strain rate nanoindentation methodology enabled the
probing of strain rate sensitivity of NT Al–Zr sputtered films. Increasing Zr content leads
to significant grain refinement down to 50 nm, and the promotion of incoherent twin
boundaries and the 9R phase led to a corresponding jump in hardness up to 4.2 GPa.
Similarly, increasing the Zr content also boosts strain rate sensitivity in NT Al–Zr alloys,
which has been linked to the increase in partial dislocation density and mobility. This
study represents a major finding and fills a previously unexplored gap in the literature and
identifies the role incoherent twin boundaries play in improving the strain rate sensitivity,
and ultimately the deformability and fracture resistance, of NT Al–Zr alloys.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13020276/s1, Figure S1. XRD spectra revealing strong (111)
texture in as-deposited films (Pure Al, Al-4.3Zr and Al-10Zr). Figure S2. Histograms showing grain
size distribution for Pure Al, Al-4.3Zr and Al-10Zr. Figure S3. EDS maps of (a) Al-4.3Zr and (b) Al-
10Zr demonstrating obvious solid solution and no segregation or phase separation. Figure S4. Flow
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chart detailing the differences between conventional and the modified nanoindentation method for
measuring hardness at low strain rates.
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