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Abstract

Nanostructured metallic multilayers with carefully designed mechanical and functional
properties are omnipresent in cutting edge technological applications. To ensure the
mechanical integrity of such coatings, the Mode I critical stress intensity factor Kic is used to
quantify their fracture toughness in order to avoid material failure by appropriate design. In
this article, we present a novel approach for the Kic determination of thin and ultrathin films
on compliant substrate, based on micro-displacement field analysis using Digital Image
Correlation within SEM. Using this method, Kic of a Cu/W nano-multilayer with a total coating
thickness of 240 nm was determined as Kjc = 4.8 + 0.05 MPavm, showing excellent
agreement with the values published for comparable systems in the literature. To verify the

validity of the chosen approach, two independent finite element simulations were employed,



thus revealing the role and effect of the compliant substrate on the stress and displacement

fields arising around the crack tip in thin films.
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Highlights
e Fracture toughness of Cu/W nano-multilayers on Kapton substrate was determined
using Digital Image Correlation
¢ Finite Element Simulation confirmed validity of chosen approach
e Local plastic deformation of substrate was identified as driver underlying crack opening

e Obtained fracture toughness showed excellent agreement with literature values

1. Introduction

Crack nucleation and propagation in thin films and coatings may cause premature failure under
external load. A multitude of interdependent factors influence the fracture resistance in such
materials, such as the intrinsic microstructural properties, the balance between ductile and
brittle responses, and the residual stress state resulting from the manufacturing history [1], as
well as the type and direction of applied loading. A theory frequently employed in engineering
design for brittle and semi-brittle materials is Linear Elastic Fracture Mechanics (LEFM). This
popular failure criterion relies on the determination of the Stress Intensity Factor (SIF) that
describes the elastic deformation fields in an annular region surrounding the crack tip, also
known as K-field. Failure is expected to occur once the critical value of the SIF is reached, for
instance, Kic for pure mode I loading. Kic can be readily determined for bulk materials using
standardised mechanical testing procedures. When evaluating the fracture properties of thin
and ultra-thin materials, however, standard test procedures cannot be applied. A multitude of
adapted approaches [2] have therefore been developed and presented in the past: bending [3,4],
buckling [5,6], scratching [7,8], micro-cantilever indentation [9,10], bulge testing [11], as well
as nano-indentation [12,13] tests have proven successful at determining the critical parameters
for failure criteria. Unfortunately, extensive sample preparation [3,11] is often times required,

which involves the risk of modifying the coating structure and its response to loading. Focused



Ion Beam (FIB) preparation of nano-scale cantilevers, for instance, can significantly modify
the mechanical properties within surface layers affected by ion implantation [14,15].
Furthermore, these test methods are often limited to film thicknesses of several microns, which

makes testing of sub-micron to sub-nanometre thin films hardly feasible.

Nowadays, cutting-edge developments in electronics and surface modification rely on ultra-
thin films and coatings that exhibit carefully designed material properties at the (sub-)
nanometre scale. Nanostructured metallic multilayers enable precise tailoring of novel
mechanical and functional coating properties by combining the desired characteristics of
different individual materials. The resulting multilayers possess enhanced properties compared
to the individual component materials. Crack growth, for instance, can be hindered by crack
deflection along multilayer interfaces [16], resulting in increased fracture toughness. Further
advantageous mechanical properties can be related to the confinement of nanograins in nano-
scale strata, which hinder dislocation motion. Combining copper and tungsten in a nano-
multilayer at a bilayer thickness ratio of 18:6 nm results in a coating material with high
hardness, low thermal expansion coefficient and excellent thermal transport properties, which
is of particular interest for thermal management applications at the micron scale. The
immiscibility of Cu and W ensures clear phase separation along sharp interfaces. Further
applications have been identified in the neutron radiation industry, where Cu/W multilayers
could serve as shielding material [17]. For these applications, the mechanical integrity of the
coating material is of utmost importance, as exposed substrate area might not provide sufficient

shielding.

In this work, we present a novel approach for the determination of Kic in Cu/W nano-
multilayers with a total thickness of 240 nm on Kapton substrate, which relies on surface
displacement analysis obtained from Digital Image Correlations (DIC) analysis of SEM
micrographs. We then confirm the validity of our approach with FEM modelling and

benchmark the obtained Kic against the existing literature data.

2. Materials and Methods

2.1 Materials



Ten bilayers of Cu/W 18/6 nm were deposited onto 125 pum thick pre-cut Polyimide (Kapton)
substrate in dog-bone shape (Figure 1b) for mechanical testing, resulting in a coating thickness
of 240 nm. The deposition was carried out at room temperature by ion beam sputtering with a
focused Ar+ion gun at 1.2 keV multicusp radio-frequency source in a NORDIKO-3000
system [18]. During film growth, the ion gun was supplied with constant radio-frequency
power of 165 W and constant Ar flux of 10 standard cubic centimetre per minute (sccm). The
150 mm diameter targets were sputtered during 10 min allowing both ion-gun stabilization and
target pollution cleaning caused by vacuum break. The ion gun axis was inclined at 45° to the
normal of the surface target whilst the sample surface was parallel to the target plane. The
sputtering chamber was pumped down to a base pressure of 2 - 10~ ° Pa whilst the working
pressure during film growth was ~ 10~ 2 Pa. Substrates were preliminarily cleaned with acetone
and ethanol and finally dried with an argon gas jet prior to their introduction in the deposition
chamber. Tungsten and copper growth rates were previously calibrated by X-ray reflectometry
(XRR) and were found to be 0.05 nm s 'and 0.16 nm s~ !, respectively. XRR was performed
in order to evaluate sample stratification using the Bragg law at a grazing incidence angle.
Energy-dispersive X-ray spectroscopy was used in a scanning electron microscope (SEM) to
determine the atomic concentrations of Cu and W in the films and to estimate the
effective tungsten and copper sublayer thicknesses per period employing the period obtained
by XRR. The multilayer cross-section of a thin, electron-transparent lamella imaged using
Scanning Transmission Electron Microscopy (STEM) at 20 keV beam energy shown in Figure

la clearly reveals the multilayer structure with sharp Cu/W interfaces.

2.2 In situ uniaxial tensile experiment

The tensile specimen with dimensions shown in Figure 1b was clamped inside a uniaxial
DEBEN in situ micro-tensile stage at a gauge length of 4 mm and mounted inside the chamber
of a Tescan LYRA3 FIB-SEM instrument. To reduce aliasing and improve the DIC tracking,
a grid of non-repetitive ‘sunflower’ pattern of dots shown in Figure 1c with a size of 11x11
um? was deposited onto the surface of the sample using an in-chamber platinum deposition
system [19]. As the pattern was formed of unconnected nano droplets, the fracture properties
of the sample were not altered. To ensure crack growth across the patterned region of interest
(ROI), an adjacent surface notch with the length of approximately 49 pm and width of
approximately 0.3 pm was introduced using FIB at a beam current of 0.04 nA and at the

accelerating voltage of 30 keV. The resulting surface preparation is shown in Figure 1d. A



small pre-existing flaw in form of a small crack in the ROI was identified and is marked with

a yellow arrow.

Figure 1 a) STEM Image of Cu/W multilayer cross-section showing clear layer separation
between Cu (light) and W (dark). b) Dog bone specimen shape and dimensions. ¢) Non-
repetitive sunflower pattern used to prevent DIC aliasing. d) Sample surface preparation for
controlled crack growth and improved DIC tracking, including FIB notch (left) and Pt droplet
pattern for improved DIC tracking (right). A small pre-existing crack in the coating is

indicated with an arrow.

Subsequently, the sample was elongated by approximately 240 um in 24 steps of 10 um. Before
the experiment and in between extension steps, high-resolution SEM images were acquired at
the beam energy of 5 keV. Negligible sample relaxation in between loading steps was observed,
as shown in the force versus displacement plot in Figure 2. The region of interest (ROI) with
dimensions of 6x6 pm? on which the DIC markers were tracked is shown for four selected

extension values corresponding to the labels in the left plot in Figure 2.
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Figure 2. Left: Micro-tensile stage data showing elongation versus force during in situ tensile

experiment. Right: DIC ROI at different elongations indicated in the force-displacement

graph.

2.3 DIC analysis and fitting

To evaluate the displacement of surface markers with respect to the strain-free reference state,

post-experimental DIC was carried out using a MATLAB-based software package [20]. The

displacement field in x- and y-direction, u, and u,, around the crack tip under plane stress

assumption and Mode I loading can be expressed as [21]:
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with the notations are u for the shear modulus, and v for Poisson’s ratio.

The properties of Cu and W component materials are shown in Table 1, alongside the Cu/W

mechanical properties obtained by the rule of mixture (Voigt model). The shear modulus of the



Ecu/w

Cuw/W 18/6 nm multilayer was calculated as pe,,w = A veurw)
Cu/w

according to the material

constants provided in Table 1 [22], resulting in a value of pi¢, ,w = 59.6 GPa.

Young’s Modulus E Poisson’s Ratio v
[GPa]

Cu (nano-crystalline) | 102 0.34

W (nano-crystalline) | 338 0.36

Cu/W 18/6 161 0.35

Table 1. Material properties used for Kic fitting

2.4 Numerical Simulation

A fundamental hypothesis made in the experimental determination of the critical stress
intensity factor via DIC was that K’ evaluated from the surface displacement of the coating
around the crack tip during propagation is representative of K" in the coating in the absence of
the substrate, i.e. K’ = K”. This hypothesis was thoroughly tested and validated in the present
study through modelling and comparison with literature data, so that the validity of the obtained
Kic from DIC for the isolated coating was verified. Two independent FEM simulations under
plane stress assumption were created using COMSOL Multiphysics package. In order to
evaluate whether full-field fitting of the coating displacement and stress fields ahead of the
crack tip lead to identical results independent of the substrate, Model 1 was simulated as a thin
film on compliant substrate, while Model 2 was simulated as free-standing coating, as shown
in Figure 3. In a first step, a fixed displacement was applied to Model 1, resulting in a stress
intensity K; at the crack tip. Subsequently, a fixed displacement for Model 2 was found
iteratively, resulting in a matching K; value. Finally, the two displacement fields were

compared in order to verify whether these also deliver the identical K; based on LEFM fitting.



a) Model 1: substrate-coating system b) Model 2: free-standing coating

u, = 1.25um

x10° um

Figure 3a. COMSOL Model 1 geometry overview showing Kapton substrate (grey) with
Cu/W coating (blue). Blue arrows indicate prescribed uniaxial displacement. ROI highlighted
in red. b. COMSOL Model 2 geometry overview showing free standing Cu/W coating (blue).

For Model 1, a Kapton substrate with dimensions of 8000x4000x125 pm? was generated and
coated with a thin film of dimensions 3000x4000x1 pum?. Perfect adhesion at the substrate-
coating interface was assumed, since no coating debonding was observed during the in situ
experiment. An elongated notch was introduced into the coating with a crack tip radius of 1
um and a length of 2000 pm, as shown in Figure 3a. A prescribed symmetric total displacement
of 56 um in x-direction at the substrate ends was applied, resulting in an overall substrate strain
of around 0.7%. In addition, rigid motion suppression for the entire model was applied in order
to prevent translational and rotational motions. While the material parameters shown in Table
1 were used for the coating, a strain-dependent Young’s modulus was implemented to model
a realistic elasto-plastic behaviour of the Kapton substrate. Based on the force-strain data
shown in Figure 2 and a known sample cross-sectional area of 3000x125 pm?, the Young’s
modulus in the linear-elastic region up to € = 0.9% was determined as E; = 2 GPa, while it
was found to be E> = 0.94 GPa in the region beyond € = 0.9%. A Poisson’s ratio of v = 0.35
was used based on Kapton manufacturer data [23]. Identical coating material parameters were
used for Model 2, which simulated a piece of free stranding coating of the same dimensions as
described in Model 1 as is shown in Figure 3b. The ROI around the crack tip is highlighted in
red. A prescribed symmetric total displacement of 2.5 pm in x-direction was applied at the

sample ends in order to match the stress intensity at the crack tip obtained from Model 1.



3. Results and Discussion
3.1 DIC fitting

The displacement fields ux and uy obtained from DIC analysis of experimental data at loading
step 4 in Figure 2 are shown in Figure 4a and Figure 4c. Nonlinear least square fitting was used
to determine the critical stress intensity factor describing the displacement field around the
Mode I crack opening according to equations (1) and (2), which returned a value of K¢ =
4.8 4+ 0.05 MPayvm for ux and K;c = 4.8 + 0.02 MPav/m for uy in a 95% confidence interval.

The resulting displacement field fits based on linear-elastic fracture mechanics for ux and uy

are shown in Figure 4b, d.
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Figure 4. Results of DIC analysis alongside fitted results predicted by LEFM. a) DIC results

of displacement in x direction b) Fit of x-displacement field based on linear elastic fracture

mechanics for K;c = 4.8 + 0.05 MPavm. ¢) DIC results of displacement in y direction. d)



Fit of y-displacement field based on linear elastic fracture mechanics for Kjc = 4.8

0.02 MPavm.

To verify the obtained Kic value, the result was compared to literature data obtained using
different testing methods on similar systems. While no values for the fracture toughness of
Cu/W nano-multilayers could be found in the literature, extensive data for pure Cu thin films
of different thicknesses was published by Hirakata et al. [24] and Keller et al. [25]. The result
comparison shown in Figure 5 confirms a fracture toughness property of Cu/W nano-
multilayers very close to the expected Kic for a pure Cu film of identical thickness. As the
Cu/W 18/6nm nano-multilayer consists of 75% Cu by thickness, a material behaviour close to
Cu appears reasonable. A square root dependence between film thickness t and the critical

stress intensity was found, which can be described as [11]

KI,C = 4/ O.SEkslt, (3)

with kg as single fit parameter representing the effective stress resistance to shear lip

formation. The corresponding fit shown as dotted line in Figure 5 returned a value of ky; =
1.19 + 0.03 % for Cu/W 18/6, which can also be thought of shear fracture stress of 1.19 +

0.03 GPa. Furthermore, the size-dependent fracture properties of pure W micro-cantilevers
studied by Ast et al. [26] indicate a similar fracture toughness range between 3 MPaym for

single crystalline W up to around 6 MPavm for nanogranular W with a grain size of around
790 nm. Finally, further studies on the fracture toughness of Cu/Cr nano-multilayers with
different bilayer periods [27] showed a very close critical stress intensity factor of around

5 MPav/m for a Cu/Cr nano-multilayer with an individual layer thickness of 12.5 nm.
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Figure 5. Comparison of the obtained Kic for Cu/W with literature data on free-standing Cu
thin films vs. film thickness. Dotted line: square root fit of the literature data according to

equation (3).

3.2 Simulation results

The resulting horizontal stress component distributions o, for both Model 1 and Model 2 are
shown in Figure 6. While a stress concentration at the notch tip can be observed in both models,
the horizontal stress o, in Model 2 is overall significantly lower as compared to Model 1. The
driving force underlying the elevated overall stress level in Model 1 is the adhesion between
substrate and coating, which leads to stress transfer across the interface through shear
deformation of the substrate. A detailed description of this mechanism based on the shear lag
theory can be found in [18,28]. The following analysis will be focused on the question whether
the stress and displacement fields in the ROI labelled ‘2’ in Figure 6 are comparable for both
Model 1 and Model 2.



Model 2 a Oxx [GPa]

Figure 6. Resulting horizontal stress a,, from prescribed displacement at the sample end for
Model 1 (substrate-coating system) and model 2 (free-standing coating). 1: location and
direction of oy, line plot. 2: Region of interest for full field fitting. 3: Region of interest for

the analysis of substrate stress.

In a first step, the singularity dominated region or K-field was identified, in order to fit the
stress intensity factor Ki. For this purpose, the line profiles of the horizontal stress distribution
0y ahead of the notch tip were compared for both Model 1 and Model 2 along the direction
labelled ‘1’ in Figure 6. The result shown as double-logarithmic plot in Figure 7 shows identical
stress behaviours for both models in the region ranging from the notch tip up to a distance of
around 5.5 um. Both curves can be subdivided into three distinct regions [29]: the plastic zone
in close proximity of the notch tip labelled ‘A’, the linear region representing the K-field

labelled ‘B’, and the far field dominated by the sample constraints labelled ‘C’ for the substrate-



coating system. It is clearly visible that the linear region suitable for the determination of the
stress intensity factor is significantly larger in Model 2, while the stress distribution in Model
1 beyond 5.5 um from the notch tip is dominated by the stress transferred from the substrate to
the coating. Based on this information, a region of interest ranging from 0.25 um to 5.5 um
ahead of the crack tip was selected for further analysis and full-field fitting of the displacement

and stress fields.
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Figure 7. Double-logarithmic line profile of the horizontal stress component o, in y-
direction ahead of the notch tip. Stress values for the substrate-coating system (Model 1) are
displayed as solid black line, stress values for the free-standing coating (Model 2) are
displayed as dotted red line. A subdivision of different zones for the substrate-coating system

(Model 1) are labelled as A, B and C, representing the plastic zone, K-field and far field.

Subsequently, the stress field oy, in the region labelled ‘B’ in Figure 7 was fitted for both

models using the following relation based on linear-elastic fracture mechanics [21]:
K; 0 . (0\ . (36 4
Oxx = — cos (E) [1 + sin (E) sin <7)] @)

The fits shown as surface plot in Figure 8 reveal identical stress and displacement behaviours

for both Model 1 and Model 2 in the singularity dominated zone. Non-linear least square fitting



of the simulation results revealed the stress intensity values based on the stress field oy, (x, y)
and the displacement field wu,(x,y). Identical stress intensity values of

K; = 5.027 £+ 0.063 MPa+/m were obtained for all four sets of simulation data.
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Figure 8. Simulation results (black markers) and fits (surface plots) of stress and
displacement fields in the singularity dominated zone for Model 1 and Model 2. a) Stress
field ahead of the crack tip for Model 1. b) Stress field ahead of the crack tip for Model 2. ¢)
Displacement field ahead of the crack tip for Model 1. d) Displacement field ahead of the
crack tip for Model 2.

The above-presented results clearly indicate that estimating the stress intensity factor of coating
material is possible based on the surface displacement field of a coating-substrate system in
which only the substrate experiences external loading. However, this approach is only valid in
the K-field dominated zone ahead of the crack tip, which can be identified as a linear region in
a double-logarithmic plot of the stress field ahead of the crack tip, as shown in Figure 7. The

large difference in stress in the far field region (‘C’ in Figure 7) clearly shows the limits of this



technique, as only a small region close to the notch tip can be used for the analysis carried out
above. High-resolution microscopic imaging techniques as used in this study are therefore

required to capture the displacement at the scale of the K-field size.

Finally, the behaviour of the coating-substrate interface (region ‘3’ in Figure 6) was studied
based on simulation results. A high concentration of stress a,, in horizontal direction around
the notch opening was found, as shown in Figure 9. The coating gap was found to act as ‘crack
tip’ reaching vertically into the substrate. The stress levels found in the substrate near the crack
opening exceed the linear elastic regime of the substrate by far and lead to local plastic
deformation. As the substrate becomes significantly more compliant when stretched beyond its
yield point, the stress concentration along the substrate-coating interface permits further crack
opening resulting in a higher stress concentration at the notch tip, despite the strong substrate-
coating bond. The displacement field near the crack tip and crack opening is therefore mainly
representative of the coating material, as the plastically deformed substrate does not restrain
the coating in this zone. At further distance from the crack, the substrate-coating bond is intact
and continues to drive the crack growth and opening. It is thus possible to use the near-crack

region for Kic determination of the coating material.
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Figure 9. Horizontal stress distribution at the substrate coating interface around the notch

opening revealing high level of stress concentration in the substrate.

4. Conclusion

A multi-step approach for the determination of the Mode I critical stress intensity factor Kic in

Cu/W nano-multilayers on compliant Kapton substrate based on DIC analysis of controlled



uniaxial crack growth was presented in this work. 2D displacement field fitting in close
proximity of the crack tip based on linear elastic fracture mechanics was used to obtain the
critical stress intensity factor of K;c = 4.8 + 0.05 MPavm. Excellent agreement with
literature values for pure Cu thin films of similar thickness as well as Cu/Cr nano-multilayers

of similar bilayer period was found.

To confirm the validity of the chosen approach, two independent FEM simulations were
developed and compared. The first model simulated a thin film on compliant substrate. The
second model simulated a free standing thin film of the same dimensions. By applying a
prescribed displacement at both ends of the first model, thus imitating the experimental setup
with a micro-tensile stage, a stress intensity at the crack tip was created. A matching stress
intensity was then iteratively found for model 2 by applying a fixed displacement. In order to
identify whether the displacement field ahead of the crack tip in the substrate-coating model is
representative of the mechanical properties of the coating material, both the displacement and
stress field were compared across both simulations. Identical stress intensity factors were found
across both simulations for a limited region dominated by the K-field. The experimental
determination via DIC was therefore confirmed as appropriate. Finally, the mechanisms
permitting crack opening despite a strong substrate-coating bond were revealed based on the
simulation of the substrate-coating system, according to which local plastic deformation of the

substrate is permitting the crack to open and grow.
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