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Abstract  

We examined the high temperature indentation response of physical vapor deposited Cu-TiN 
multilayered nanocomposites with layer thicknesses ranging from 5 nm to 200 nm. A 
decrease in hardness with increasing temperature was observed, along with a strong 
correlation between the hardness and the nanometer-level TiN grain sizes, rather than layer 
thickness. The apparent activation energies calculated from the high temperature indentation 
experiments indicate that, for all but the smallest layer thicknesses, the deformation of copper 
in the nanolaminates dominate the plastic response in these composites. In the finest layer 
thicknesses, a decrease in the apparent activation energy value indicates possible co-
deformation of Cu and TiN. 
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1. Introduction 

Laminates composed of two or more phases with repeated nanoscale layer spacings have 
demonstrated enhanced mechanical properties due to strengthening mechanisms that 
incorporate the interaction of defects with bimetal interfaces, as well as dislocation 
confinement within a given phase [1, 2]. In particular, metal/ceramic multilayered 
nanocomposites have attracted great interest due to their promising mechanical, chemical and 
physical properties, allowing them to be used in applications requiring a wide range of 
mechanical loads, temperatures, and other environmental conditions [3-10]. The combination 
of higher strength, high work hardening and formability of these  metal/ceramic 
nanolaminates arises from the variation in strength and ductility between their constituent 
brittle (hard) ceramic and tough (soft) metal phases. However, the behavior of such 
nanolaminates as a function of temperature remains largely unknown, since only a few 
multilayered systems, and even fewer metal/ceramic systems, have been characterized under 
elevated temperatures so far [7, 11, 12].  

Previous reports on nanolaminates under ambient conditions have investigated their 
mechanical properties and deformation behavior with respect to changing layer thicknesses, 
observing high hardness and plastic co-deformation when the bi-layer thickness was reduced 
to nanometer levels [13]. Further investigations using high-resolution transmission electron 
microscopy and in-situ indentation have revealed dislocation activity in Al-TiN metal-
ceramic multilayers [14]. Plastic co-deformation mechanisms were postulated for the 
improved ductility measured in these nanolayered metal/ceramics composite systems [13]. 
Additionally, atomic-scale modeling showed unit processes of single to a few dislocations 
operating during deformation at the metal/ceramic interfaces of NbC/Nb multilayers under 
different loading conditions of nanoindentation and uniaxial compression [15, 16]. The peak 
flow strength and strain hardening of NbC/Nb multilayers were found to be associated with 
the slip transmission from Nb to NbC, and were correlated to the NbC layer thickness, the Nb 
layer thickness, and the interfacial dislocations.  

Most reports in literature on metal-ceramic nanocomposites have examined layered structures 
with high aspect-ratio grains. For example, the in-plane grain size within layers were 2~10 
times the individual layer thickness for metal/ceramics multilayers of Al-TiN synthesized 
using physical vapor deposition (PVD) [14, 17, 18]. In contrast, density functional theory 
(DFT) studies have suggested that Al has a stronger chemical affinity to bond with TiN, when 
compared to Cu [19]. Therefore, Cu and TiN are expected to exhibit a tendency towards 3-D 
island growth during sputtering of the nanolaminate films [20, 21]. This is expected to result 
in a nanometer-scale grain size that is possibly smaller than the Cu-TiN individual layer 
thickness in the nanocomposite. In this work, we deposited Cu–TiN multilayers of varying 
individual layer thicknesses ranging from 5 to 200 nm. These multilayered nanocomposites 
were found to consist of nano-grained Cu and TiN layers, where the grain sizes were 
comparable to smaller than the respective layer thickness. Previous indentation studies on 
these Cu-TiN films with layer thickness varying from 5 to 200 nm in ambient conditions have 
revealed that the hardness has a weak dependence on the layer thickness and a stronger 
correlation with the grain size [10]. The objective of this study is to assess the elevated 
temperature deformation behavior in Cu-TiN nanolaminates with varying layer thicknesses 
(but having nanometer grain sizes) tested in a temperature range of 25-200 °C. 
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Only a few studies have investigated the high temperature response of metal/metal [22, 23] 
and metal/ceramic nanolaminates [6, 7]. For Cu-TiN multilayers, micro-pillar compression 
with three different layer thicknesses of 5-10 nm, 50-100 nm and 700-1000 nm had revealed 
that under ambient conditions, yielding was controlled by the size-dependent strength of Cu 
grains and the failure was caused by the shearing of the columnar grains of TiN. However, at 
elevated temperatures of 200 to 400 °C, the stress-assisted diffusion of the Cu layers had led 
to the extrusion of the copper layers from the free surface of micro-pillars, which was 
responsible for the subsequent yielding of the nanocomposite [7]. In order to investigate 
material response under the constraints of a different stress state, we utilize indentation testing 
in this work, where the constraint of the nanoindentation geometry is expected to largely 
prevent such extrusion events. Additionally the high-throughput of indentation testing allows 
us to investigate a wider range of Cu-TiN bilayer thicknesses over narrower temperature 
increments. Hence in this work we investigate the high temperature mechanical behavior 
under indentation in six different layer thicknesses of Cu-TiN multilayered thin films, with 
individual layer thicknesses ranging from 5 to 200 nm (in addition of non-laminated Cu and 
TiN), and over five different thermal histories.  

2. Methods and Materials 

Multilayers of alternating Cu and TiN layers with a volume fraction of Cu:TiN = 1:1 were 
deposited using direct current (dc) magnetron sputtering at room temperature on Si substrates, 
the Si substrates have a thin top layer of amorphous SiO2 . The Cu layers were deposited at a 
base pressure of 2 x 10-8 Torr. Reactive sputtering of Ti in a gas mixture of Ar and N (Ar:N = 
30:3 SCCM) was used to deposit the TiN layers using with a bias of 20 W RF on the 
substrate. Six different individual (targeted) layer thicknesses were deposited for Cu-TiN: 5 – 
5 nm, 10 – 10 nm, 20 – 20 nm, 50 – 50nm, 100 – 100 nm and 200 – 200 nm. All samples had 

a total film thickness of ~5 µm. TEM was used to measure the actual layer thicknesses and 
grain sizes for the as-deposited Cu (5 nm) – TiN (5 nm) and Cu (50 nm) – TiN (50 nm) 
samples, as well as for the annealed Cu (5 nm) – TiN (5 nm), Cu (50 nm) – TiN (50nm) and 
Cu (200 nm) – TiN (200nm) multilayers. The multilayers were evaluated using cross-

sectional TEM; the as-deposited films were mechanically polished down to 20–30 µm 

thickness, followed by  diamond lapping film down to 1 µm, and then finished by ion-milling 
in a Gatan™ PIPSÒ instrument  at 3–5 kV. TEM studies were conducted in a Tecnai TF 
30TM 300 kV TEM. The TEM images were used for grain size distributions, which were 
determined by grain diameters measurements parallel to the interface.  

Additionally, TiN grain sizes within the Cu-TiN layered samples were determined using X-
ray diffraction (XRD). The Scherrer method was used to determine the grain sizes (D) of TiN 

grains from the Bragg-Brentano theta-2theta diffractogram [24, 25]: � =
��

����	
, where λ and β 

are the wavelength of X-ray and the full width at half maximum (FWHM), θ is Bragg’s angle 
and K the constant of proportionality. D was calculated using the (111) peak for TiN, and a K 
value of 0.9, which corresponds to spherical crystallites [24]. This result provides an 
estimation of the lower bounds as a few other factors, such as the presence of twins, crystal 
defects and microstrains, can also contribute to peak broadening [24, 26]. For validation, the 
XRD measurements using the Scherrer method were compared to the TEM results on the 
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same layer thicknesses. Acquisition parameters remained the same to allow for an accurate 
comparison for all samples analyzed using XRD and TEM. 

In situ, elevated temperature indentation testing [27] was conducted in a Zeiss DSM 962 SEM 
using an Alemnis in situ Indenter. The original system developed by Rabe et al. [28] was 
modified for elevated temperature testing through the incorporation of a water-cooled frame 
plus an independent sample and tip heating using thermocouple-controlled feedback loops 
along with the option of constant heating power at desired temperatures. Thermal drift was 
minimized at the testing temperatures by using both displacement drift [29] and temperature 
shift [30] tuning measurements during pseudo load-controlled indentation. Calibration of the 
indenter tip temperature was performed using the procedure described in [30, 31]. The 
Alemnis system is intrinsically displacement-controlled, and tests were conducted to the 
target indentation depths described below after ensuring that the displacement and 
temperature drifts during contact were at their minimum.  

A diamond cube-corner indenter was used for the indentation experiments. Temperatures of 
25, 90, 140, and 200 °C were used for the indentation experiments. These temperatures were 
selected to be at even homologous temperature intervals below the previously studied region 
200-400 °C, where prominent extrusion of the Cu layers was observed under micro-
compression [7]. The samples were first briefly heated to 75 °C to cure the mounting cement, 
and then the first tests were conducted at room temperature (25 °C). Then the samples were 
annealed at 200 °C for 14 hours, followed by indentations at 200, 140, 90 and then 25 °C to 
determine nanolaminate performance as a function of temperature.  

Standard constant loading rate indentations were made using the Oliver and Pharr method 
[32], with loading to maximum load performed within 10s, followed by a 10s hold period at 
maximum load. The indenter was then unloaded to 20% of the maximum load within 10s, 
then a 30s hold was applied to measure thermal drift levels, followed by removal of the 
indenter. The maximum loads were chosen for each material to reach a target maximum depth 
of ~1 µm: 3 mN for copper, 10 mN for the nanolaminates, and 30 mN for the TiN, to provide 
baseline measurements for the strain rate jump indentation tests. These choices of indentation 
depth ensured that in each case the indenter was sampling regions within and beyond at least 
two bilayer thicknesses. As discussed later in the ‘Results’ section, this maximum indentation 
depth was also sufficiently larger than the grain sizes for both Cu and TiN. A minimum of 4 
indentations were conducted in each condition. Our approach in this work is similar to the 
experimental design of our previous room temperature indentation study on the same range of 
Cu-TiN layer thicknesses [10], which allows these two studies to be comparable to each 
other. 

3. Results 

Characterization of the as deposited Cu-TiN multilayers highlights 2 major microstructural 
features: a wavy layered structure in the Cu-TiN films and a small grain size compared to the 
layer thickness. The TEM diffraction patterns and their corresponding micrographs of the as 
deposited Cu (5 nm) – TiN (5 nm) and Cu (50 nm) – TiN (50 nm) are shown in Figure 1. 
Individual layer thicknesses for the Cu-TiN films with targeted thicknesses of 50-50 nm are 
measured to be ~64 nm and ~38 nm for Cu and TiN layers respectively, and the diffraction 
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patterns indicate lack of a strong orientation relationship between the different layers. Figure 
2 shows the grain size distributions in the as-deposited Cu (5 nm) – TiN (5 nm) and Cu (50 
nm) – TiN (50nm) samples, as compared to the annealed Cu (5 nm) – TiN (5 nm), Cu (50 nm) 
– TiN (50nm) and Cu (200 nm) – TiN (200nm) samples.  

For the as-deposited Cu-TiN film with targeted 5-5 nm thick layers (Figs. 1a and 2a), the 
actual layers were measured to be ~7.3 and ~5.2 nm for Cu and TiN layers respectively, the 
measured ring-shaped diffraction pattern is indicative of a lack of an orientation relationship 
with the TiN and Cu layers (Fig. 1a). This lack of a preferred texture is uniform amongst all 
the nanolaminates studied in this work, regardless of their bilayer thickness. Hence for 
comparative purposes, texture is considered to have only a tertiary effect on the indentation 
measurements (as compared to bilayer thickness and temperature). The average grain sizes 
were measured to be 5.3 nm (range 2-8 nm) and 3.6 nm (range 2-5 nm) for Cu and TiN 
respectively (Fig. 2a). The average grain sizes for the as-deposited Cu (50 nm) – TiN (50 nm) 
sample were measured to be 24.5 nm (range 14-40 nm) and 4.4 nm (range 2-8 nm) for Cu and 
TiN respectively (Fig. 2b).These micrographs also reveal the waviness of the deposited 
layers, which is proposed to result from the dimensional island growth mechanism for Cu and 
TiN.  

XRD measurements indicate that the TiN grain sizes are approximately independent of layer 
thickness. For all the multilayer samples, the as-deposited TiN grain sizes (1.5-4.5 nm range) 
were found to be smaller than the TiN layer thicknesses. Similarly, the as-deposited Cu grain 
sizes were also comparable to or smaller than the layer thickness for all layer thicknesses 
studied in this work [10]. 

After annealing, the grain sizes in both the TiN and Cu layers were found to increase for all 
layer thicknesses, as shown by the representative data for the Cu (5 nm) – TiN (5 nm), Cu (50 
nm) – TiN (50 nm) and Cu (200 nm) – TiN (200 nm) samples in Figs. 2c-2e. For the annealed 
Cu (5 nm) – TiN (5 nm) sample the average grain size increased to ~10 nm (range 2-22nm) 
(Fig. 2c). For the larger layer thicknesses - Cu (50 nm) – TiN (50 nm) and Cu (200 nm) – TiN 
(200nm) samples Figs. 2d-2e – the range of grain sizes in the TiN layers (range 4-9 nm) were 
still found to be smaller than the respective layer thickness, even after annealing. The range of 
grain sizes in the annealed Cu layers were larger (range 20-55 nm), but even for Cu the grain 
size was similar to or less than their respective layer thickness. TEM results indicated that the 
nanolaminate morphology was maintained after the annealing process, for all layer 
thicknesses.  

The load-displacement results for the single component and nanolaminate coatings are shown 
in Figure 3. In general, the total displacement was observed to increase with increasing 
temperature, indicating a decrease in hardness with temperature. Unloading stiffness values, 
and hence the elastic moduli, were observed to remain more or less constant with temperature 
within the experimental variation. This is unsurprising since only small changes are expected 
in the moduli of the Cu and TiN over the tested temperature range (129 to 120 GPa for Cu 
[33] and 466 to 460 GPa for TiN [34]).  

Figures 3a-d display the load-displacement curves from the nanolaminate coatings. Some 
variation in the load is observed during the initial parts of the loading curves due to discrete 
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inelastic events. In a typical, intrinsically load-controlled nanoindentation system, these 
would register as displacement bursts or pop-ins, however, in this pseudo-load controlled 
system the stresses are able to relax during inelastic events (such as plastic deformation or 
fracture) without generating additional displacements. This behavior is especially significant 
in the pure Cu sample in Figure 3e, where a larger amount of variation is observed in the load 
signal during contact. The magnitude of these variations is higher than the noise floor of the 
instrument (5 µN RMS), so they can be attributed to the inelastic events. Figure 3f shows that 
the TiN coating demonstrates largely athermal deformation at elevated temperatures. 

Analysis of the load-displacement data using the Oliver and Pharr method [32] provides the 
hardness of the nanolaminate coatings over the range of temperatures tested in this work. This 
is shown in the hardness vs. bilayer thickness plot in Fig. 4a. Ambient temperature results 
(25 °C, after a brief 15 min curing of the mounting cement at 75 °C) display two separate 
regimes in hardness as a function of layer thickness. The Cu-TiN films with bilayer 
thicknesses of ≤ 40 nm show a small drop in hardness values (from 6.29 to 5.84 GPa), and the 
hardness values appear to saturate over the larger Cu-TiN bilayer thicknesses of 100, 200 and 
400 nm with a slight decrease in hardness (5.24 to 5.39 GPa). The above trends at ambient 
temperatures are similar to those reported earlier in [10] using Berkovich indentations, where 
the weak dependence of hardness measurements on the layer thickness of Cu-TiN multilayers 
was attributed to the similar TiN grain sizes in these multilayers. Thus, the narrow hardness 
range observed in these Cu-TiN nanocomposites seems to stem from the small 
nanocrystalline TiN grain sizes, which range from 1.5 to 4.5 nm.   

Hardness values were also measured after 14 hours of annealing at 200 °C and cooling the 
samples down to room temperature. These hardnesses show a similar trend as described 
above, but with an overall decrease in the hardness values across all layer thicknesses, which 
can be attributed to the corresponding increase in TiN and Cu grain sizes after annealing (as 
shown in Fig. 2).   

At elevated temperatures, we observe the expected decrease in hardness values across all 
layer thicknesses. Similar to the room temperature results, two distinct regimes of hardness 
values can be observed at the three elevated temperatures of 200, 140 and 90 °C as a function 
of changing layer thickness. At these temperatures, the Cu-TiN films with larger bilayer 
thicknesses of 400, 200, 100 and 40 nm show a lower range of hardness values (from 2.47 to 
2.70 GPa at 200 °C, 2.79 to 3.06 GPa at 140 °C, and 3.35 to 3.63 GPa at 90 °C), as compared 
to the two lower bilayer thicknesses of 20 and 10 nm (from 3.38 to 3.73 GPa at 200 °C, 3.76 
to 3.94 GPa at 140 °C, and 4.14 to 4.28 GPa at 90 °C).  

As mentioned above, the determining factor of the strength in the Cu-TiN system is 
postulated to be the nano-crystalline grain sizes of the TiN layers. For the as-deposited Cu-
TiN multilayers, the TiN grain sizes were measured to be in the range of 1.5 to 4.5 nm for all 
layer thicknesses [10]. After annealing, the TiN grain sizes were measured again using TEM 
for two selected layer thicknesses of Cu (50 nm) – TiN (50 nm) and Cu (200 nm) – TiN (200 
nm). As shown in Figs. 2 and 4b, the average TiN grain size for these two layer thicknesses 
ranged within 7.5-8 nm, which is slightly larger than the as deposited TiN grain sizes. Thus, 
the flat hardness regimes shown in Fig. 4a for the larger (> 40 nm) bilayer thicknesses can be 
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attributed to the near constant TiN grain size in these layers. For the two smaller bilayer 
thicknesses of 20 and 10 nm, the TiN layer thickness is presumably smaller than or similar to 
the TiN grain sizes in these layers after annealing. Thus the hardness values in these layers 
show a stronger dependence on the layer thickness, i.e. the hardness increase with decreasing 
layer thickness.  

The above observation are in contrast to other metal-ceramic multilayer systems, such as Al-
TiN multilayers [17, 18, 35, 36], where the smallest length scale of interest is the thickness of 
the individual layers which controls the hardness and strength in those systems (i.e. the 
individual layer thicknesses are smaller than the grain sizes in the Al-TiN multilayer 
structures). Also, co-deformation without cracking has been observed at individual layer 
thicknesses below ~5 nm in Al-TiN multilayers [17, 18, 35, 36]. This enhanced co-
deformability in nanoscale metal/ceramic nanolaminates is proposed to occur due to the high 
density of interfaces in 5 nm or smaller individual layer thicknesses of the Al-TiN system. At 
these dimensions, interactions between dislocations in the two adjacent interfaces are thought 
to produce high back stress in the metal layer (due to more pronounced strain hardening of the 
metal) and locally high resolved shear stress in ceramic nanolayers, enabling slip activity in 
the ceramic phase prior to fracture [13]. The smaller grain sizes in the Cu-TiN system, along 
with their lack of epitaxy, could potentially generate a larger density of interfaces in this 
multilayered system. This in turn could enable co-deformation and enhanced plasticity in the 
Cu-TiN multilayered nanocomposites, especially for the lower layer thicknesses and grain 
sizes.        

4. Discussion - Apparent activation energy for deformation 

Activation energy analysis allows the influence of thermal contributions on deformation to be 
quantified and compared to known values such as the activation energy for self-diffusion. As 
different materials possess varying temperature-dependence, this allows the primary 
deformation component to be determined in multicomponent systems like nanolaminates. 
Since deformation processes like dislocation glide and dislocation climb have greatly 
differing activation energies, this analysis can provide insight on which mechanisms are 
playing a role in deformation.   

From the temperature-dependent hardness values acquired in the previous section, the 
apparent activation energy can be determined using an Arrhenius plot. Figure 5 is a plot of 
the modulus-compensated hardness (H/E) with respect to the inverse homologous 
temperature. This removes the influence of modulus changes with changing temperatures 
from the activation analysis. The activation energy for plastic deformation can be calculated 
from the slope of these curves, following the analysis of Sherby & Armstrong [37, 38]:  

           (3), 

where H is the hardness in GPa, E is the Young’s modulus in GPa, G’ is the pre-exponential 
coefficient, Qc is the activation energy in kJ/mol, n is the stress exponent (assumed to be 5 for 
consistency with previous results [37, 38]), R is the gas constant, and T is the absolute 
temperature in K. This analysis has been validated using hardness measurements at high 








⋅′=
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Q
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E
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homologous temperatures (>0.5 Tm), where the resulting activation energy values 
corresponded well with self-diffusion values for pure bulk metals [37] and alloys [39], and 
more recently on the deformation of ultrafine-grained aluminum at lower homologous 
temperatures [40]. However, at low homologous temperatures the deformation might be 
athermal (i.e. the deformation might be independent of temperature and strain rate), and the 
activation energy values measured using this analysis could underestimate the true value. 
Hence we the use of the term ‘apparent’ activation energy, when referring to the values 
measured in this work. Furthermore, the measured ‘apparent’ activation energy values are 
used primarily to compare between the different layer thicknesses of the Cu-TiN multilayers, 
rather than as an absolute measurement. 

The elastic modulus values used for normalizing the hardness in this analysis were taken to be 
the acoustically-measured values of the Young’s modulus of copper from Köster [33], since 
the values for TiN were not expected to significantly change in this temperature range. Since 
the volume fractions of TiN and Cu were held nominally constant in all nanolaminates, the 
influence of the modulus change is expected to be uniform across all the samples. 

Activation energy values are calculated only between the 90-200 °C temperature range, due to 
the significant variation observed in slope between 25 and 90 °C and the elevated temperature 
range. This low temperature regime was not well enough characterized to be able to clearly 
elucidate the operating deformation mechanisms. Figure 5b shows the activation energy 
values calculated with respect to the bi-layer thickness in the Cu-TiN nanolaminates. The 
extracted activation energy values for the pure copper coatings (12 kJ/Mol) were found to be 
consistent with the results of Savitski (13 kJ/Mol) [41] for bulk copper indentation. For all but 
the two smallest bilayer thicknesses, the activation energy values were also found to be ~12 
kJ/Mol, which suggests that the deformation of the copper was the primary thermally 
activated mechanism in these coatings. In the finest layer thicknesses, the activation energy 
values were observed to significantly decrease, along with a decrease in the measured Cu 
grain sizes (Fig. 5c), suggesting that co-deformation of Cu and TiN may be occurring. 

These results match those of other metal-ceramic multilayers, such as Al-SiC [6, 42, 43], 
where the ceramic component was shown to be effectively athermal, rigid and elastic as well. 
Micro-pillar compression of Al-SiC nanolaminates showed a larger increase in interface 
sliding with increasing temperature as well as homogenous plastic deformation was in the Al 
layers. Activation energies determined from indentation on these nanolaminates showed a SiC 
layers from 100 to 25nm, with a constant 50 nm Al layer, did not influence the activation 
energy. Similarly, the deformation of Cu-TiN at larger length scales remains relatively 
constant.  

5. Conclusions 

In summary, our work investigated the behavior of Cu-TiN nanolaminate coatings using high 
temperature nanoindentation testing, revealing a decrease in hardness with temperature. These 
composites consisted of continuous layered structures, but with nanocrystalline grain sizes 
within the constituent layers. Hence, the hardness of these nano-composites were found to 
depend on the intra-layer grain sizes, with a relatively weaker dependence on the inter-layer 
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spacing. Two separate regimes in hardness as a function of layer thickness were observed in 
these multilayers at all temperatures. Apparent activation energies estimated from the 
measured temperature dependence of hardness suggest that Cu dominated the plastic response 
at elevated temperatures for all coatings except those with the smallest bilayer thicknesses of 
≈10 nm. For the smallest layers the activation energy values significantly decreased, 
suggesting a plastic co-deformation of nanolayered Cu and TiN. 
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Figure 1 – Cross-sectional TEM with corresponding diffraction pattern of the

as deposited (a) Cu (5 nm) – TiN (5 nm) (b) Cu (50 nm) – TiN (50 nm)layers
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Figure 2 – Grain size distribution, measured using TEM, in the as deposited

(a) Cu (5 nm) – TiN (5 nm), (b) Cu (50 nm) – TiN (50 nm) layers and the

annealed (c) Cu (5 nm) – TiN (5 nm), (d) Cu (50 nm) – TiN (50 nm) and (e)

Cu (200 nm) – TiN (200 nm) layers.
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Figure 3. Representative load-displacement curves from each temperature

and a selection of samples: (a) Cu (5 nm) – TiN (5 nm), (b) Cu (10nm) –

TiN (10 nm), (c) Cu (50 nm) – TiN (50 nm), (d) Cu (200 nm) – TiN (200

nm), (e) Cu, and (f) TiN.

(a) Cu-TiN
5-5

(b) Cu-TiN
10-10

(c) Cu-TiN
50-50

(d) Cu-TiN
200-200

(e) Cu (f) TiN
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Figure 4 – Cube corner indentation hardness of Cu-TiN nanolaminate coatings under

different temperature conditions: RT (25°C), 90 °C, 140 °C,200 °C, shown as a fraction of

the homologous temperature (Tm) of Cu: a) vs bilayer thickness. The error bars denote the

standard deviation of the hardness measurements. A power trend of y=Axn was fit to the first

three smallest bi-layer thickness and the last four largestlayers, and the n coefficient is

shown. b) vs. TiN grain size measured from TEM for the different bi-layer thickness

laminates. TiN grain sizes are the smallest feature of interest in the largest layers.
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Figure 5 – (a) Modulus-

compensated hardness 

as a function of the 

inverse homologous 

temperature for 

determining activation 

energies, showing 

results by Savitskii [41] 

on pure Cu and (b) 

measured activation 

energies from the 90-
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thickness and (c) vs Cu 

grain size

(a)

(b)

(c)

Cu, Savitskii [41] 

Jo
urn

al 
Pre-

pro
of



Declaration of interests 

 

☒ The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

 

☐The authors declare the following financial interests/personal relationships which may be considered 

as potential competing interests:  

 

 
 
 

 

 

Jo
urn

al 
Pre-

pro
of


