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Abstract. Unpassivated free-standing gold and aluminum thin films (thickness ~ 200-400 nm,
mean grain size dp, 4, ® 70-80nm, d,, 4; ® 120-200nm), subjected to tensile tests show
Bauschinger effect (BE) during unloading [1, 2]. The focus of this work is to investigate the
effect of microstructural heterogeneity such as grain sizes on the BE and the macroscopic
deformation behavior in thin metallic films. The finite element code LAGAMINE is used to
model the response of films involving sets of grains with different strengths. The numerical
results are compared with experimental results from tensile tests on aluminum thin films from
the work of Rajagopalan, et al. [2].

1 INTRODUCTION

The ductility of thin metallic films is a key factor in many applications to produce robust
devices, including flexible/portable electronics, micro- and nano-electromechanical systems
(MEMS/NEMS). Thin films, because of their dimensional and microstructural constraints
present a considerably different response compared to bulk size and coarse-grained metals [1,
3]. Unlike coarse-grained polycrystalline metals, where plastic deformation is controlled by
dislocations generated from intragranular dislocation sources, in metals with very small
grains, other deformation mechanisms such as grain boundary (GB) diffusion and sliding and
GB migration, twinning and GB rotation processes compete or cooperate [4, 5].

Reducing the thickness of submicron films often results in strength enhancement but, also,
in reduction of the ductility (e.g. [4, 6]). The origin of the strength enhancement in thin films
or other nanostructured materials has been widely investigated in both experimental and
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modelling areas (e.g. [3, 7-9]). Several models are proposed for the scaling behaviour of flow
stress 0fjo Wwith the film thickness and grain sizes. This is either formulated by a
phenomenological law in the form of 054, = 0 + k1d™" + k;h™™ where d is the grain size,
h is the film thickness, oy, kq, k,, n and m are positive numerical parameters (e.g.[9-12]), or
by more physics-based models that estimate the stress required for the generation/movement
of dislocations across slip planes of the film in the general form of
Orrow = (1 /$)f (54, b, h,d,G) where s is the Schmid factor, f is a general function of s, the
size of the dislocation source, b the length of the Burgers vector, h the film thickness, d the
grain size and G the shear modulus. (e.g. [3, 9, 13, 14]).

Another aspect that influences the deformation behaviour of nanocrystalline metals is the
presence of microstructural heterogeneity in the transition regime (defined as the mean grain
size of d,,, ® 50-150nm) [2]. Recent investigations on nanocrystalline metals have revealed
unusual strain recovery [15] and Bauschinger effect upon unloading of samples subjected to
uniaxial tension [1] as a consequence of microstructural heterogeneity. Hence, it is important
to consider both microstructural size and heterogeneity in the modeling of mechanical
behavior of nanocrystalline materials.

The main objective of this work is to develop FE models to describe the plastic
deformation behavior by including the microstructural size and heterogeneity based on
experimental stress-strain data and microscopic observations. The J, constitutive theory
coupled with heterogeneous grain behavior will be employed to examine the correlation
between different mechanisms and experimental observations.

2 MICROSTRUCTURAL FEATURES

In the present work, a highly textured aluminum thin film with two major grain orientations,
based on experimental results of Rajagopalan, et al [2], is modeled. The Al film is 225 nm
thick and was produced by sputter deposition on Si (001) wafer. The Al film exhibited
epitaxial growth with only one grain along the thickness and the grains are mainly oriented in
two in-plane directions as  follows: AI(110)||Si(001), Al[001]||Si[110] and

Al(110)]|Si(001), Al[001]||Si[110]. From the wafer, free-standing Al tensile specimens
were fabricated [2].

Figure 1 shows (a) the transmission electron microscopy (TEM), (b) grain size distribution
and (c) uniaxial tensile load-unload stress-strain response of the free-standing aluminum film
for two loading-unloading cycles. The average grain size is d,,, = 120 nm and the size of the
smallest grains is = 0.5d,,,, and that of the largest is = 2.5d,,.

From the in situ TEM deformation observations, there was no dislocation activity observed in
the initial linear portions of the stress-strain curves in both cycles (Fig 1(c)). As the strain
further increased, dislocation activities started in the relatively larger grains and progressively
more grains deformed plastically. This is associated with lower slopes in the stress-strain
curves in the loading direction. During unloading, there was no evidence of dislocation
activity in the first cycle and film deformed elastically; however at the very end of the second
unloading, in which stress has reached larger maximum value during loading than first cycle,
dislocation jumps and movement were observed in the larger grains. These dislocation
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activities coincide with deviation at the end of the second stress-strain curve and Bauschinger
effect.

Fig. 1 (a) Bright-field TEM images of aluminum film (thickness=225 nm, d,=120 nm), (b) histogram of grain
size distribution, (c) uniaxial load-unload stress-strain response of free-standing film in tensile test [2].

The source for the observed BE can be explained as, during initial loading, all grains deform
elastically and accommodate stresses. With increasing strain, grains that have a greater
tendency to plastic deformation, i.e. larger grains and/or grains favourably oriented for plastic
deformation, start to deform plastically at low stresses; whereas, smaller grains and/or
inauspiciously oriented grains with less tendency to plastic deformation, continue to deform
elastically and accommodate stresses at higher levels. This leads to a build-up of internal
stresses and a highly inhomogeneous stress distributing in the thin film. During initial stages
of unloading, all grains deform elastically, however, upon further unloading the
accommodated internal stresses provide the driving force for dislocation activity and plastic
deformation in larger grains/favourably oriented grains. This emerges as Bauschinger effect in
the stress-strain curve. Such an interpretation of BE was previously presented by Rajagopalan,
et al. [2], and confirmed by a simple analytical model.

The aim of the next section is to check whether FE simulations with J, plasticity assumption
is able to capture BE and whether change in the grain/element patterns affects the overall
stress-strain response of the material. This also can assist to understand the importance of the
texture and grain sizes on the BE.

3 FINITE ELEMENT SIMULATIONS

The aluminum film, discussed in the previous section, was modelled in the finite element
code LAGAMINE. The J, theory coupled with heterogeneous grain behavior was employed.
The grain size distribution with 12 different sizes (Fig. 1(b)) were more discretized and
replaced by three averaged sizes that each is a representative of a group of four grain sizes in
ascending order of size.

Table 1 shows the grain size distributions used in the FE simulations.

Table 1: Grain size distributions used in the FE simulations

Grain size 100 nm 150nm 250 nm
Percentage of grains  56.5% 36% 7.5%
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In order to represent the grain size effect on the overall response of the film, two
relationships were used to set the flow stress in the grains:

(a) a classical Hall-Petch relationship:
Ky

Oflow = — (1
fl vd
where Ky is a constant and d is the grain size, and
(b) a relationship with the flow stress inversely proportional to the grain size as:
Gy = —2 )
flow d

where K, is a constant (e.g., [12]). The second cycle of stress-strain curve in Fig.1(c) is
chosen to identify the material parameters of the Al film, and to compare with simulation
results. To obtain Ky and K, it is assumed that the experimental stress-strain curve
corresponds to a film with the average grain size of d,, = 120nm, and an overall yielding at
256 MPa (obtained from 0.2% offset strain). This results in

Ky = 0yie1ay/dm = 256 X 10°Pa x /120 x 10~°m = 8.9 x 10* Pav'm 3)

and

Kp = 0yie1adm = 256 x 10°Pa x 120 x 10~°m = 30.8 Pa.m @)

Accordingly, the flow stresses for different grain sizes were estimated using Egs. (1), (2)
and are presented in Table 2:

Table 2: Estimated flow stress for different grain sizes

Grainsize  gg,, = Ky/Vd Or1ow = Ka/d

100 nm 281 MPa 308 MPa
150 nm 230 MPa 205 MPa
250 nm 178 MPa 123 MPa

Figure 2(a) and Fig. 2(b) show the estimated stress-strain responses for the grain sizes of
the Table 2 along with the experimental data for the Al film. In the estimations, it has been
assumed that the work hardening rates of the grains with different sizes are similar to that of
the experimental data.
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Fig. 2 Estimated stress-strain responses for different grain sizes assuming that the flow stress obeys (a) a Hall-
Petch equation, (b) a relationship with an inverse proportionality to the grain sizes.

It can be seen that the estimated stress-stain curves obtained by using Eq. (1) are less
scattered than curves estimated by using of Eq. (2) for the flow stresses.
The two sets of estimated grain responses (Fig. 2(a), 2(b)) were individually input to the finite
element code to simulate two Al films with different degrees of microstructure heterogeneity.
Assuming that J, plasticity and isotropic hardening behaviour are prevailed, the stress-strain
responses of the films comprising three constituent phases were simulated. The FE
simulations used 20x10x1 three-dimensional continuum-brick elements to model cyclic
tensile tests of the samples with the dimensions of 1000 nmx500 nm*50 nm. The FE model
consists of three different grain sizes, i.e. 100 nm, 150 nm and 250 nm, used to simulate the
tensile tests is shown in Fig. 3.

Fig. 3 Finite element model with pattern of the grains.

The stress-strain simulation results and experimental data for the tensile tests on the
heterogeneous FE models comprising three constituent phases by presuming the Hall-Petch
strengthening and that with strength inversely proportional to the grain sizes are presented in
Fig. 4 and Fig. 5, respectively.
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Fig. 4 Comparison of tensile stress-strain responses for the FE composite model with the assumption of
onow=Ky/Vd and experimental data.

<= 443 MPa

True stress [MPa]

<——= 331 MPa

--x--- Experiment (Cycle 2)

650 L Composite model, K/d,
FEM

Fig. S Comparison of tensile stress-strain responses for the FE composite model with the assumption of
oron—Kg/d and experimental data.

It can be seen that, for both simulations, the stress-strain curves correlate well with the
experimental responses in the forward loading direction and there are some degrees of
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Bauschinger effect in the simulated stress-strain curves. The BE is recognized as deviation
from the linear stress-strain response in the reverse loading direction at a lower absolute stress
value than the ultimate stress in the forward loading direction; noting that the FE simulations
use an isotropic hardening von Mises plasticity material formulation. By comparing Fig. 4
and Fig. 5, it is concluded that the FE model with more heterogencous material properties
results in the larger degree of BE. However, the magnitude of the BE in both simulations are
far less than the BE observed in the experimental data. It should be mentioned that FE
simulations were achieved up to a larger strain than the experimental data for having more
distinct Bauschinger effects.

To examine whether the distribution pattern of the constituent phases affects the overall
simulation stress-strain responses, each of the phases were randomly distributed among the
elements, while the volume fraction of each phase was kept fixed to be the same as the prior
simulations (Fig. 6).

Fig. 6 Random distribution pattern of the elements

It was observed that there was no significant change in the overall stress-strain responses
between the simulations using the random pattern of Fig. 6 and the granulated pattern of Fig.
3 with identical material properties of the constituent phases for both simulations (results are
not illustrated here), and therefore, the effect of element patterns were negligible.

CONCLUSIONS

The simulations show that BE are, among other possible sources, the result of
inhomogeneous stress distribution caused by microstructural heterogeneity. It is also observed
that use of an isotropic hardening von Mises plasticity material and a Hall-Petch relationship
and/or a relationship with inverse proportionality to the grain sizes for the flow stresses are
not sufficient to produce a large degree of the BE as much as seen in the experimental data.
Future works could include:

e Investigating the effect of grain orientations on the flow stress. This could be
examined by employing a crystal plasticity model instead of the J, plasticity. The
grain orientations is believed to have large impact on the BE [2].

e Employing more comprehensive models such as the Source Model [9] where the
flow stress is a function of the film thickness, the size of the dislocation sources and
the grain orientations.
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