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A B S T R A C T   

This study examines the synthesis of growth nanotwins in CuNi alloys using combinatorial and high-throughput 
experimental techniques. 338 unique CuNi samples were synthesized via co-sputtering to create a material li
brary encompassing composition, hardness, phase, and crystallographic data. The material library data in 
conjunction with scanning transmission electron microscopy was used to evaluate growth twinning over a wide 
compositional range (Cu – 6.8 to 58.8 at% Ni). A direct correlation between measured twin boundary spacings 
and the stacking fault energies underscored limitations of the current growth twin model caused by an under
estimation of the free energy penalty for forming non-twinned grains. To address this, a refined model was 
developed to accurately capture the variation in twin boundary spacing and formation across all compositions. 
This model paves the way for high-throughput investigations into nanotwin synthesis in various alloy systems.   

1. Introduction 

Nanoscale twin boundaries (TBs), referred to as nanotwins (NTs), are 
important microstructural features that can be achieved via plastic 
deformation, annealing, and film synthesis techniques [1–8]. However, 
the latter (known as growth twinning) has rarely been explored for NTs, 
despite offering a wide compositional workspace and the greatest 
microstructural control. This is due to two main reasons: 1) the high 
experimental time costs to evaluate the wide synthesis space, and 2) the 
finite number of known material stacking fault energies (SFEs) [9–11]. 
SFEs are intrinsic material properties linked with growth TB formation 
that are not well documented because they can vary unpredictably with 
changing composition and are difficult and time intensive to measure 
(requiring detailed TEM characterization of dislocations or XRD peak 
shifting analysis) [1,9–15]. Computational techniques including mo
lecular statics (MS) and density functional theory (DFT) have been 
employed as viable tools to estimate SFEs, but they still require exper
imental verification [16–19]. One route to overcome the SFE bottleneck 
is by augmenting computational approaches with combinatorial and 
high-throughput (CHT) experimental techniques to evaluate growth 
twinning across large compositional spaces. Recently, CHT materials 
research has emerged as a promising methodology to more efficiently 

discover and study materials, as it examines entire composition domains 
instead of being restricted to discrete points [20,21]. This approach le
verages compositional gradients and high-throughput characterization 
techniques to generate large material property databases, known as 
material libraries, by analyzing hundreds or even thousands of samples 
in a single experiment [20,22–24]. Material libraries have been used to 
elucidate trends and explain phenomena for a range of material char
acteristics such as phase, crystal structure, and electronic and mechan
ical properties [21,22,25,26]. For example, Kube et al. used the data 
from their CHT study to identify new phase selection criteria with 
respect to changing composition for high entropy alloys [22]. While the 
large datasets from CHT studies have been successful in analyzing the 
aforementioned material characteristics, the impact and applicability of 
CHT techniques can be broadened by expanding the use of material li
brary data to study microstructural and intrinsic material phenomena, 
such as growth NTs and SFEs. 

In the case of growth NTs, studies have been limited by the small 
number of materials with known SFEs, thus, CHT material libraries can 
provide large datasets that can be used to establish a more direct un
derstanding of the links between SFE, composition, and TB formation [9, 
27–29]. Growth twinning typically occurs during non-equilibrium film 
synthesis processes and it has been demonstrated that TB formation can 
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be influenced by synthesis and material parameters, including the 
deposition rate, temperature, and SFE [1,30]. Given these relationships, 
current research has utilized magnetron sputtering to investigate growth 
NTs because it couples control of growth TB formation with a wide 
compositional workspace. This has been used to examine NT formation 
in single-element and multi-element alloys such as Ag, Cu, stainless 
steels, and HEAs [4,5,27,31–34]. For the few materials with experi
mentally characterized SFE’s, it has been observed that materials with 
lower SFEs (SFE ≤ 50 mJ m−2) tend to have greater rates of growth NT 
formation than higher SFE materials (SFE ≥ 120 mJ m−2) [4,9,28,35]. 
To capture this relationship, Zhang et al. developed a thermodynamic 
model that utilizes known SFEs and deposition parameters to estimate 
the resulting growth TB spacings; however, this model is restricted to 
order of magnitude approximations for low SFE materials due to limited 
data, which hinders its ability to predict TB formation in other material 
systems [4,35]. Therefore, growth twinning presents a model system to 
investigate and establish novel approaches to analyze material library 
data, amplifying the impact of CHT research. 

In this work, a high-throughput experimental approach to examine 
NT synthesis domains is demonstrated using the CuNi alloy system. 
Combinatorial co-sputtering was employed to synthesize 338 CuNi 
samples with compositions ranging from Cu – 6.8 at% Ni to Cu – 58.8 at 
% Ni. Following synthesis, high-throughput characterization tech
niques, including X-ray diffraction (XRD), scanning electron microscopy 
(SEM), and nanoindentation were used to generate material libraries to 
analyze structural, morphological, and mechanical properties. Addi
tionally, cross-sectional microstructures of representative CuNi samples 
were examined via scanning transmission electron microscopy (STEM) 

to elucidate relationships between composition and NT formation. The 
observed microstructural trends were then compared with CuNi SFEs 
estimated using MS calculations. Overall, the combination of CHT 
techniques and in-depth analysis in this study provides new insights into 
growth NT formation leading to a revised growth twinning thermody
namic model, ultimately demonstrating a novel path to analyze intrinsic 
and microstructural material properties. 

2. Experimental methods 

CuNi compositional libraries were synthesized via combinatorial co- 
sputtering, with two sources used to deposit Cu (99.999 %) and Ni 
(99.995 %) from 5.08 cm diameter targets (Plasmaterials) onto two 
stationary 10 cm Si (100) substrates at a base pressure of 5 × 10−4 

mTorr, sputtering pressure of 5 mTorr, a source to substrate working 
distance of 14 cm, and cumulative deposition rate of 1.2 nm s−1. As 
shown in Fig. 1, the material deposited onto each wafer was divided 
using a mask into 169 5 × 5 mm alloy sections, resulting in 338 unique 
CuNi samples. The average sample thickness was 2 μm and thicknesses 
ranged from 1.1 μm - 2.3 μm depending on location due to deposition on 
the stationary substrate. A total compositional range of Cu – 6.8 at% Ni 
to Cu – 58.8 at% Ni was achieved by altering the sputtering power to the 
Cu and Ni targets when depositing onto each substrate. Within a given 
square, composition was observed to vary by up to +/- 1.7 at% Ni when 
measuring across a 4 mm distance. Characterization and analysis was 
performed in the middle of each square (with a tolerance of 0.5 mm) to 
limit compositional variation to less than ~0.2 at% Ni. For the first 
wafer, the Cu and Ni targets were sputtered at 500 W and 155 W, 
respectively, while for the second wafer Cu was sputtered at 350 W and 
Ni was sputtered at 300 W. 

High-throughput characterization techniques including energy 
dispersive X-ray spectroscopy (EDX), SEM, XRD, and nanoindentation 
were performed to analyze the composition, top surface morphology, 
crystal structure and phase, and mechanical properties of each CuNi 
sample, respectively. Composition and top surface morphology were 
characterized using the EDX and SEM capabilities of a Helios G4 PFIB 
UXe DualBeam FIB/SEM and Zeiss Gemeni II SEM. SEM images were 
taken at a 10 kV accelerating voltage, 0.8 nA current, and 4.0 mm 
working distance in the Helios SEM and 5 kV accelerating voltage, 1.0 
nA current, and 5.0 mm working distance in the Zeiss SEM. Both mi
croscopes were equipped with the Oxford Instruments Aztec software, 
which was used to acquire EDX spectra for each CuNi sample using a 
500,000 count limit, 5.5 mm working distance, and accelerating voltage 
and current of 20 kV, 0.8nA (Helios) or 15 kV, 1.0 nA (Zeiss). For 
analysis of the phase and crystal structure, XRD spectra were collected 
with an Empyrean Panalytical X-ray diffractometer. To characterize 
multiple samples in a single XRD session, an automated and program
mable stage was used to center the incident X-rays on each 5 × 5 mm 
sample (XY position) and a laser sensor was used to identify and adjust 
the sample height (Z position). The incident X-rays were collimated to 
probe an area of roughly 4 × 4 mm to ensure that only a single 
composition was analyzed during each scan. Scans were performed 
using CuKα radiation with a 2θ range from 30◦ - 110◦, a step size of 
0.026◦, and rate of 0.3 s per step. The rate and step size were chosen to 
yield six or more measurements above the full-width half maximum 
(FWHM) for each intensity peak. Hardness values for 64 selected CuNi 
samples from each wafer were measured using a Hysitron Triboindenter 
with a 100 nm Berkovich tip. A set of 12 indents, positioned 12.5 μm 
apart was performed in the center of each sample with a force- 
controlled, constant load rate, triangle load function, and decreasing 
maximum load from 3000 μN - 1000 μN. The indentation parameters 
were selected to ensure that the maximum indentation depth was 200 
nm or less than 10 % the average sample thickness. The equation to 
calculate hardness is provided below in Eq. (1), where H is the hardness, 
Pmax is the max load, and A is the contact area [36]. 

Fig. 1. Schematic of the combinatorial synthesis process. (a) Illustration of the 
co-sputtering technique, where two materials (Cu and Ni) are simultaneously 
deposited to form a compositional gradient. (b) Image showing a combinatorial 
array of co-sputtered samples deposited on a 10 cm wafer, where each 5 × 5 
mm square represents a unique CuNi sample. 
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Fig. 2. Analysis of CuNi combinatorial samples. (a) Compositional maps obtained via EDX for two sets of combinatorial wafers, with the first wafer (samples 1–169) 
containing samples with compositions ranging from Cu – 6.8 at% Ni to Cu – 35.5 at% Ni and the second wafer (samples 170–338) containing samples with com
positions ranging from Cu – 12.5 at% Ni to Cu – 58.8 at% Ni. (b) Corresponding hardness heat maps for the two wafers, where hardness values were measured using 
high-throughput nanoindentation. (c) Selected XRD patterns from the samples with yellow borders in 2a. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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H =
Pmax

A
(1) 

To generate hardness heat maps, the hardness values from the 
selected samples were input into a MATLAB code that used interpolation 
to estimate the hardness values for the remaining 105 samples. 

Following high-throughput characterization, NT formation was 
analyzed in selected samples via STEM with a FEI Talos F200C G2 TEM 
at a 200 KeV accelerating voltage. TEM lamellae were prepared in the 
Helios G4 PFIB UXe DualBeam FIB/SEM using the plasma focused ion 
beam (PFIB) lift-out technique [37]. ImageJ software was used to 
determine the average TB spacing and percentage of NT grains observed 
in the sample cross-sections, where a NT grain was defined as a grain 
with the majority of its area containing TBs spaced less than 100 nm 
apart. TB spacing was calculated by measuring 100 TB per sample, while 
the percentage of NT grains was determined by counting how many 
grains out of a set of 100 were nanotwinned. The experimentally 
measured NT formation was compared with theoretically predicted TB 
spacings calculated from SFEs obtained via MS calculations with the 
LAMMPS software. The MS SFE calculations were performed over a 
compositional range from Cu – 0 at% Ni to Cu – 75 at% Ni. First, pure 
face-centered cubic (FCC) Cu systems, oriented along the 〈112〉, 〈111〉, 
and 〈110〉 crystallographic directions–corresponding to the x, y, and z 
directions– were constructed with a simulation cell of dimensions 355 ×
205 × 125 Å3. This system comprised 80 × 80 × 40 lattice cells along 
each direction. The dimensions were carefully chosen to minimize the 
influence of local composition variations on the gliding plane and to 
lessen the free surface effects along the 〈110〉 direction. Please see 
Figs. S1(a) and (b) for the convergence tests of the gliding plane area and 
thickness along the 〈110〉 direction. Alloy systems for each desired 
composition were then created by randomly substituting certain 
amounts of Cu with Ni atoms, followed by energy minimization to allow 

the system to reach equilibrium. Periodic boundary conditions were 
applied in all three dimensions and a 10 Å vacuum separation layer was 
introduced at the top and bottom to preclude periodic image in
teractions. Stacking faults were generated by displacing the upper half of 
the simulation box along the 〈112〉 direction, which represents the most 
energetically favored slip system for FCC metals. While the system was 
displaced, the atoms were allowed to relax along the direction perpen
dicular to the stacking fault plane. Figures S1(c) and (d) provide a visual 
representation of the local structure before and after the creation of the 
stacking fault. The SFE, γSF, was calculated using Eq. (2), where Ei and Ef 

are the system energies before and after the creation of the stacking 
fault, and A is the gliding plane area [19]. An Embedded Atom Model 
(EAM) potential was used for Cu-Ni interactions, recognized for its 
satisfactory accuracy in modeling the mechanical properties of alloy 
systems under various conditions, including radiation damage, tensile 
and shock loading, and nanoindentation [38–41]. The LAMMPS soft
ware was used to conduct all molecular statics calculations and OVITO 
was used in visualization and local structural analysis [42,43]. 

γSF =
Ef − Ei

A
(2)  

3. Results and discussion 

As described in the background, material library datasets can be 
leveraged to analyze microstructural features and intrinsic material 
properties. Thus, to demonstrate a high-throughput approach to inves
tigate NT synthesis domains, the CuNi alloy system was selected as an 
ideal candidate because Cu is a low SFE material (~ 40 mJ m−2), Ni is a 
high SFE material (~120 mJ m−2), and adding Ni solute to Cu increases 
the SFE, unlike many alloys where SFE can vary unpredictably with 
composition [44,45]. Additionally, Cu and Ni tend to form solid 

Fig. 3. Cross-sectional HAADF STEM micrographs for selected CuNi samples highlighting the change in growth nanotwin formation as Ni concentration increases 
from (a) 7.1 at% Ni to (f) 58.8 at% Ni. 
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solutions, so NT formation should not be influenced by secondary phases 
and/or intermetallics, which could complicate analysis of twin nucle
ation [46,47]. As a result, this material system can be studied and used 
to create foundational approaches to link CHT libraries with NTs and 
other material phenomena. 

3.1. Analysis of material libraries 

In order to identify composition-property trends in the material li
braries that could be linked with NT formation, detailed property maps, 
shown in Fig. 2, were created to summarize the compositional, me
chanical, and structural data collected via high-throughput EDX, nano
indentation, and XRD. Fig. 2a highlights the CuNi compositional 
gradients for the two combinatorial wafers, spanning from Cu – 6.8 at% 
Ni to Cu – 58.8 at% Ni, where the areas in red and blue indicate samples 
with greater Cu or Ni concentrations, respectively, and the yellow bor
ders identify selected samples that will be further discussed in Fig. 2c. 
For quick identification, the samples on each wafer were labeled 
numerically from left to right, with the first wafer containing samples 
1–169, which ranged from Cu – 6.8 at% Ni to Cu 35.5 at% Ni, while the 
second wafer contained samples 170–338, which ranged from Cu – 12.5 
at% Ni to Cu – 58.8 at% Ni. The overlap in sample compositions from Cu 
– 12.5 at% Ni to Cu – 35.5 at% Ni was used to check and verify material 
property measurements. It was observed that the Ni concentration of 
neighboring samples varied by ± 1 to 5 at.% Ni depending on the dis
tance from the Cu and Ni sputtering targets, with the larger composi
tional changes observed in the middle of the wafer. Complementing the 
compositional analysis, CuNi hardness values were then mapped for 
each wafer, as seen in Fig. 2b, and compared to the composition map in 
Fig. 2a. From these maps it can be seen that the CuNi alloy hardness 
increases with greater Ni content, likely due to solid solution strength
ening and Ni’s higher yield strength (σys, Ni = 138 MPa, σys,Cu =

69 MPa) [46,48]. However, there were also variations in hardness that 
indicate other strengthening mechanisms, such as Hall-Petch strength
ening, are affecting the CuNi alloy mechanical properties [49]. To 
further develop the CuNi material libraries, the structural properties of 
the CuNi alloys were analyzed via SEM and XRD to determine how the 
top surface morphology, texture, or phase could be affecting the 
resulting material properties. High-throughput SEM imaging revealed 
minimal change in top surface morphology with respect to varying 
composition, as shown in Figure S2 in the Supplementary Materials, 
which displays the top surface morphologies for six compositionally 
unique representative CuNi samples. From the XRD analysis, it was 
determined that all CuNi samples achieved a single-phase solid solution, 
with an FCC crystal structure and strong (111) texturing. A small change 
in the ratio of (111) to (200) peak intensities was observed, which was 
not dependent on composition or location within the array of combi
natorial samples. However, given the strong (111) texturing in all 
samples, this variation in (200) peak intensity is not expected to 
significantly influence the CuNi material properties. An example of the 
XRD data is highlighted in Fig. 2c, which displays selected XRD dif
fractograms from the samples with yellow borders mapped in Fig. 2a; 
these samples were chosen as they represent the entire composition 
range and are located at distinct positions on each wafer. Overall, the 
material library data highlights that CuNi is an ideal system to investi
gate growth NT’s because there are no other phases, morphologies, or 
textures present affecting the microstructure or material properties, 
which enables a down selection from the entire compositional array to 
representative samples that evaluate NT formation or the lack thereof. 

Fig. 4. Nanotwin formation in CuNi alloys and quantitative assessment. (a) 
STEM micrograph comparing nanotwinned (NT) and non-nanotwinned (Not 
NT) grains. A nanotwinned grain is defined as a grain with the majority of its 
area containing twin boundaries spaced ≤ 100 nm apart. (b) Plotted compari
son of the quantified percentage of NT grains relative to the total observed 
grains, as a function of Ni concentration. 

Table 1 
Composition, nanotwin formation, grain width, and hardness data for selected CuNi samples characterized via STEM, ImageJ, and nanoindentation.  

Composition NT Percentage (%) Grain Width (nm) Twin Spacing (nm) Hardness (GPa) 

Cu - 7.1 at% Ni 84 % 84.8 4.4 4.5 
Cu - 17.4 at% Ni 76 % 65.9 7.2 4.4 
Cu - 27.7 at% Ni 71 % 56.5 7.8 5.5 
Cu - 33.8 at% Ni 71 % 40.3 9.4 5.1 
Cu - 48.1 at% Ni 70 % 47.2 10.6 5.0 
Cu - 58.8 at% Ni 52 % 39.9 16.9 4.9  
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3.2. Analysis of NT formation 

To study growth NT formation as a function of composition, repre
sentative samples were examined using STEM at approximately 10 at% 
Ni concentration intervals, with the resulting analysis presented in 
Figs. 3 and 4 and summarized in Table 1. Fig. 3 shows the cross-sectional 
STEM micrographs for the six selected CuNi samples, which had com
positions of Cu – 7.1 at% Ni (3a), Cu – 17.4 at% Ni (3b), Cu – 27.7 at% Ni 
(3c), Cu – 33.8 at% Ni (3d), Cu – 48.1 at% Ni (3e) and Cu – 58.8 at% Ni 
(3f). From the STEM images, it can be seen that increasing Ni content 
influences NT formation in grains, the columnar grain widths, and the 
overall TB spacings. With respect to NT formation in grains, Fig. 4 de
picts examples of NT and non-NT grains (4a) and a plot of the decrease in 
the percentage of NT grains in each CuNi sample from 84 % NT (Cu – 7.1 
at% Ni) to 52 % NT (Cu – 58.8 at% Ni) as a function of increasing Ni 
concentration (4b). A similar trend has been observed in previous 
studies, although at higher Ni concentrations (~10 at% Ni or greater) 
NTs were not expected since greater Ni content increases the SFE [4,9, 
19,28,35]. Table 1 shows a detailed summary of the measured per
centages of NT grains, columnar grain widths, TB spacings, and hardness 
values for the respective alloys, and, from this table, it is observed that 
higher Ni content also yields a decrease in the columnar grain width and 
an increase in the TB spacing. These varying microstructural features 
can directly influence a wide range of material properties, such as the 
alloy’s resulting conductivity, thermal stability, or hardness [1,5,6]. 
Specifically, in regard to the nanoindentation maps (Fig. 2b) changes in 
NT formation and columnar grain width impact CuNi hardness by 
inversely affecting Hall-Petch strengthening (see Table 1), where the 
hardness initially increases, due to the smaller grain width, and then 
decreases due to the reduced NT formation. Further analysis can be 
found in the Supplementary Materials section in Figure S3, noting that 
the overall changes in hardness can be accounted for by the aforemen
tioned mechanisms and compositional variations [48,49]. 

From Table 1, it is noted that the percentage of NT grains and the TB 
spacing change as a function of the Ni concentration. For TB spacing 
specifically, the minimal increase from 4.4 nm (Cu – 7.1 at% Ni) to 16.9 
nm (Cu – 58.8 at% Ni) largely deviates from the theoretical predictions 
of the model developed by Zhang et al. where, due to the increase in SFE, 
the TB spacing would be expected to increase orders of magnitude [4]. 
Thus, the presence of NTs in all samples examined in this study (with 
concentrations as high as Cu – 58 at% Ni) highlights a disconnect in the 
current model, limiting its ability to predict growth twinning over large 
composition and SFE ranges. 

3.3. Revised growth twinning model 

Using the CuNi material library data presented herein, a revised 
thermodynamic model can be developed to better understand growth 
twin nucleation during sputtering. First, NT formation must be evalu
ated as a function of a generalized material parameter that influences TB 
spacing, namely the SFE, which changes as a function of composition. 
The use of SFE to calculate growth TB spacing is presented in the original 
thermodynamic model by Zhang et al., which is shown in Eq. (3) [4,28]. 

λ =

[

exp
(

πγ2hytwin

kTΔGv(hΔGv − γtwin)

)]

h (3) 

Here, λ is the TB spacing, h is the height of the columnar grain 
(assumed to equal the (111) interplanar spacing), ΔGv is the bulk free 
energy per unit volume, k is Boltzman’s constant, T is the temperature, γ 
is the surface energy, and γtwin is the twin boundary energy, which is 
approximately equal to half the SFE (γtwin ≈ SFE/2) [4,28]. Surface en
ergy, γ, was assumed to change with composition following the rule of 
mixtures. Thus, the surface energy will equal (γCu)x + (γNi)(1-x), where 
γCuand γNi are the surface energies of pure Cu and Ni (1.185 J m−2 and 
1.606 J m−2 respectively) and x is the atomic fraction of Cu in the alloy 

[50,51]. The bulk free energy per unit volume for a gas-solid trans
formation, ΔGv, is calculated using Eqs. (4) and (5), where Ω is the 
atomic volume, Pv is the super saturated vapor pressure, Ps is the vapor 
pressure above the solid, m is the atomic mass of the deposited material, 
and J is the deposition flux [4]. 

ΔGv =
kT
Ω

ln
(

Pv

Ps

)

(4)  

J =
Pv

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2πmkT

√ (5) 

The growth twinning model determines TB spacing using the ratio of 
nucleation rates between “perfect” and “twinned” columnar grains 
(Iperfect and Itwin) highlighted below in Eq. (6) [4]. 

ln
(

Iperfect

Itwin

)

= −
ΔG∗

perfect

kT
+

ΔG∗
twin

kT
(6)  

ΔG∗
perfect and ΔG∗

twin are the critical free energies for the “perfect” and 
“twinned” nucleating columnar grains, respectively. These variables are 
calculated using the change in total free energy associated with forming 
each type of grain, which are shown in Eqs. (7) and (8), and are related 
to the variables in Eq. (6) through the critical radius [4]. 

ΔGperfect = 2πrhγ − πr2hΔGv (7)  

ΔGtwin = 2πrhγ − πr2hΔGv + πr2γtwin (8) 

In the model, the shape of the columnar grain growth is assumed to 
be cylindrical, where Eq. (8) includes an additional energy term for the 
TB at the top surface of the nucleating grain (πr2γtwin) [4]. This energy 
factor leads to the lower calculated rates for “twinned” grain formation 
as compared to “perfect” grains. Specifically, it is assumed that there is 
no surface energy penalty on the top surface of a “perfect” grain during 
nucleation, but this implicit assumption leads to the model’s exponential 
increase in predicted TB spacings. To account for this energy contribu
tion, a factor for the surface energy at the top of the “perfect” columnar 
grain, γtop, must be added to Eq. (7), which leads to Eq. (9). 

ΔGperf ect = 2πrhγ − πr2hΔGv + πr2γtop (9) 

However, it is still more energetically favorable to form a “perfect” 
grain over a grain with a TB defect, thus the following can be assumed: 

γtop < γtwin (10)  

and 

z = γtwin
/

γtop > 1 (11) 

In Eq. (11), because the TB energy is greater than the top surface 
energy of a “perfect” grain, z must be greater than 1. γtop is a distinct 
material value from γ, since the latter is defined to be the surface energy 
for the round side wall of the nucleating disc/cylinder that interacts with 
adjacent grains, while the former is for the top surface, which interacts 
with the vacuum environment during deposition. Using Eq. (9) and the 
relationship between the TB and top surface energies in Eq. (11), an 
updated predictive model is derived below. 

λ = h

⎡

⎢
⎣exp

⎛

⎜
⎝

πγ2hytwin

kT
(

ΔGv −
γtop

h

)
(hΔGv − γtwin)

⎞

⎟
⎠

⎤

⎥
⎦

(1−1/z)

(12) 

A key difference between the updated model in Eq. (12) and the 
original Zhang model is the addition of the exponent term, (1 − 1 /z). 
Since z is greater than 1, the exponent term must have a value between 
0 and 1, which should reduce the rate at which TB spacing increases with 
respect to increasing SFE. By identifying and linking composition, SFE, 
and growth twinning trends, the model can be used to either validate 
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experimentally determined and computationally predicted SFEs or to 
directly estimate SFEs using measured TB spacings. To demonstrate the 
applicability of the updated model, measured TB spacings were used in 
conjunction with MS estimated SFE’s to determine the exponent term for 
the CuNi alloy system, which was calculated to be ~ 0.25. See supple
mentary materials for details regarding MS SFE calculations. 

Fig. 5 analyzes the fit of the updated and original models by 
comparing their predicted TB spacings (calculated using the MS SFE 
values) with the experimentally observed values. TB spacing is plotted 
as a function of the SFE in mJ m−2, where the Zhang model is shown by 
the red points, the updated model by the blue points, and the experi
mentally measured TB spacings by the black points. Here it can be 
observed that the predicted TB spacings from the previous model in
crease at an exponentially faster rate than the measured TB spacings 
from this study, while the updated model is in agreement with the 
experimentally observed values. The improved fit of the updated model 
supports its ability to directly predict and link growth TB formation with 
SFE and corroborates the assumption that the top surface energy of a 
“perfect” columnar grain affects growth twinning predictions. Thus, by 
having experimentally measured TB spacings and as few as two SFE 
values, the updated model can be used to predict nanotwin formation 
over an entire compositional space. The updated model was verified 
using previously published data on growth twin formation from other 
material systems with low SFEs, including single elements, binary alloys, 
and more complex engineering alloys, and a good fit was observed be
tween the predicted and experimental values [4,28,31]. This highlights 
an improved fundamental understanding of growth twinning, which 
was obtained by using a CHT approach to globally evaluate growth NT 
formation. 

4. Conclusion 

In this work, NT formation in CuNi alloys was investigated using 
high-throughput experimental techniques in order to understand the 
fundamental relationships between growth twinning and both intrinsic 
and extrinsic material properties. Over 300 unique CuNi samples were 
synthesized via combinatorial sputtering. A comprehensive material li
brary comprised of composition, hardness, crystallographic, and phase 
data was compiled using high-throughput characterization. This library 
highlighted the suitability of CuNi systems for probing growth NT for
mation, evidenced by the consistent texture, phase, and morphology 
across samples. The interrelationships among growth twinning, 

composition, and SFE, were examined by characterizing representative 
samples using STEM and ImageJ. Contrary to the existing growth 
twinning model, NT microstructures were observed in all compositional 
variations. Consequently, a revised model was developed using the NT 
data from this study, which can predict NT formation over entire 
composition spaces by accounting for all free energy contributions 
during nucleation. In summary, this work delineates a novel approach 
for examining growth twinning and other microstructural and intrinsic 
material phenomena using CHT techniques. 
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