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Abstract

We propose a new geometry for focused ion beam milled micro-cantilevers, which allows
production of residual stress-free, isolated thin film specimens from film-substrate systems. This
geometry was used to demonstrate the presence of permanent deformation in about 200 nm thick
thermally grown oxide scales on a Ni-base superalloy, after applying large bending displacements in-
situ in a scanning electron microscope. Stiffness measurements performed before and after the bending
tests confirmed the absence of micro-cracks, leading to the conclusion that plastic deformation
occurred in the oxide scale. The proposed method is extendable to other film-substrate systems and
testing conditions, like non-ambient temperatures.

Keywords: Focused ion beam (FIB); scanning electron microscopy (SEM); crystalline oxides; plastic
deformation; micro-mechanical testing.

The properties of protective oxide scales on engineering alloys play a crucial role in
determining their service life in many applications. One example of this is the ability of oxide and
underlying substrate to relax both growth stresses and thermal stresses to avoid scale cracking and
spallation [1]. Other typical situations involve the reduced life during out-of-phase thermo-mechanical
fatigue, where the oxides formed during the hot part of the cycle under compressive load undergo
ductile-to-brittle transition and fracture during tension at low temperatures [2], and the repeated
formation and fracture of oxide intrusions at crack tips during dwell-fatigue crack growth of
superalloys [3,4]. In order to mitigate such problems, it is imperative to understand the mechanical
properties of these scales under service conditions.

The mechanical properties of protective oxide scales have previously mostly been measured
on macro-scale film-substrate systems using indirect techniques, such as acoustic microscopy and
vibration technique [5,6], or by post-test inspection of the surfaces [7]. Even in the case of direct testing
through nano-indentation, certain assumptions have to be made since the unloading curve is non-linear
[6]. A critical point in such film-substrate testing is that the residual stresses and strains in the oxide
scale are usually not well known, and the interpretation of measured fracture stresses and strains are
therefore ambiguous.



Oxide scales are generally considered to be brittle, and also typically contain inherent defects
and residual stresses which lead to crack initiation and fracture [1,7]. Whereas plasticity has been
observed in e.g. a-Al,Os [8] and Cr,0O3 [9] at high temperatures, it is not expected to occur at room
temperature, as below a transition temperature, the stress required for fracture is less than the flow
stress [10]. Conventional indirect measurements of oxide scale behavior have traditionally been
limited to thicker oxide scales, often in the range 5-50 um, in which the probability of defect
occurrence is high. More recently, test methods using bi-layer beams extracted from macroscopic
specimens have been used to measure in-plane elastic properties [11] and delamination toughness [12]
of thermal barrier coatings. With the advancement of technologies such as focused ion beam (FIB)
milling and micro-mechanical testing methods, the use of direct tests at the micro- to nano-scale, such
as micropillar compression, has become possible [13—15]. Through such testing methods, a size-
dependent transition from brittle to ductile behavior [16] has been shown for several material systems,
such as metallic glasses [17], quasicrystals [18], sapphire [14] and silicon [13], which are brittle in
bulk form. However, with few exceptions [17,18], testing has been performed in compression, which
delays crack initiation and therefore promotes plastic deformation which would potentially be absent
in other loading modes.

Here we present a novel method for measuring properties of thin films using micro-cantilever
bending experiments applicable on sub-pum scale, and use this method to demonstrate the occurrence
of room temperature plasticity during tensile loading of thermally grown oxide scales with thicknesses
in the order of 200 nm. In particular, the properties measured by the proposed method are not subject
to influence from residual stresses, which can influence the results [7,11,19] and represent the isolated
properties of the oxide scale, free of interactions with the substrate. Importantly, the method is
applicable to different film-substrate systems, and is easily extendable to non-ambient temperatures,
which is crucial for assessing the behavior during most service-like conditions. Nevertheless, the room
temperature behavior of thermally grown oxide scales treated in this investigation is also of great
interest in its own right, referring to e.g. out-of-phase thermo-mechanical fatigue, as mentioned above.

The oxide scales used in the present study were thermally grown on a solution treated and aged
Allvac 718Plus superalloy (nominal composition in wt. % Ni-18Cr-9.1Co0-9.5Fe-5.4Nb-2.7Mo-
1.45A1-1W) in dry oxygen environment at 700 °C for 100 hours, which resulted in an oxide layer about
200 nm in thickness (see supplementary material). The structure of the oxide was investigated using
transmission electron microscopy (TEM) in a Titan 80-300 microscope operated at 300 kV. The oxide
consisted of an outer spinel layer with a thickness of about 50 nm, typically constituted by a single
layer of spinel grains, followed by a chromia layer of about 150 nm thickness (Figure 1a). Below the
surface scale, isolated internal alumina could be found. The EDS (energy dispersive X-ray
spectroscopy) line scan in Figure 1b shows the different elements present in the oxide layer, indicating
a mixed (Ni,Co)(Fe,Cr),04 spinel. While the cubic structure of the outermost part of the scale was
verified by transmission Kikuchi diffraction, the details of the oxide scale has not been further studied
at this stage.
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Figure 1: (a) TEM high-angle annular dark field (HAADF) image of oxide scale. (b) Results from
TEM linescan showing the concentration of different elements in the scale. The vertical yellow line in
(a) shows the position of linescan. The horizontal dotted line shows the position of the bottom of the

cantilever after final specimen preparation (see text for more details).

Micro-cantilevers were prepared from the oxidized specimens using FIB milling in FEI
Versa3D (see supplementary material for details). The geometry of the cantilevers (Figure 2) was
designed in such way that the oxide layer was isolated towards the fixed end for about 2.5 pum in length.
This ensures that the residual stresses are relieved in this region, and that there is no metal underneath
supporting the oxide layer. Attempts to produce longer oxide cantilevers without metal substrate failed
due to the excessive bending from residual stress relaxation. Therefore, the metal was left below the
remaining part of the cantilever, as it provided stable conditions for load applications, and the extended
length acted as an amplifier for more accurate displacement measurements (see below). The dotted
line in Fig. 1a shows the typical location of the final bottom edge of the finished cantilevers. As
material was only removed from the bottom of the cantilever, minimal ion implantation was obtained
at the top surface, which is the region subjected to tensile stresses in the tests.

The bending experiments were conducted in FEI Quanta 200 FEG ESEM scanning electron
microscope (SEM) in high vacuum using a Kleindiek micromanipulator setup. The force was measured
using a Kleindiek force measurement sensor (FMS), which provides a voltage signal from a bending
piezo-electric beam used to apply a displacement to the cantilever. The FMS was calibrated against a
copper spring with known spring constant (uncertainty of about 10 %), and the accuracy of the
calibration procedure itself was determined to be in the order of 5 %. Displacements were measured
through post-processing of images taken in the SEM at a frequency of 1 Hz during testing. A schematic
of the experimental setup is shown in Figure 2a.

Initially, three tests were performed on micro-cantilevers with similar size (denoted A, B and
Cin Table 1, where all relevant dimensions are included). For each cantilever, a number of consecutive
bending cycles were applied, with progressively increasing maximum displacement. The displacement
of a point at the fixed end was measured to give an estimate of the drift during testing, which was
negligible in all tests reported herein.
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Figure 2: (a) Experimental setup for micro-cantilever bending tests. The oxide layer is shown in purple
and the metal in grey. The oxide layer is isolated from the metal towards the fixed end. (b) Schematic
of cantilever geometry with relevant notation.

As the FMS tip is made of silicon, it does not indent the surface of the cantilever. Instead the
tip slides along the oxide surface with increasing displacements (as seen from Fig. 3a and b), changing
the effective span length, n. In order to allow representation of the bending tests in terms of force and
displacements, we chose to use an equivalent force, F.,=F,:(1/L), which represents a force applied to
the free end of the cantilever resulting in the same bending moment as the actual force applied (£),),
and the free end displacement. Figure 3d shows a representative example of such force—displacement
curves for two consecutive loading cycles. While the initial response is linear, as expected, a non-
linear behavior is observed at loads above approximately 4 uN. This behavior is observed in all
cantilevers, but the force and displacement levels where the transition occurs varies. A non-linear
response at large displacements during micro-cantilever bending is not necessarily an indication of
plastic deformation. There are several other factors leading to deviations from linearity, in particular a
horizontal force component () in Fig. 3b), which develops as the angle, 6, between the cantilever and
the horizontal plane increases during bending [20]. This can be corrected for analytically by a factor
(tan6/ 9)1/ %[20], but the correction amounts to around 13 % at an angle of 45°, which is not enough to
obtain a fully linear response at higher loads in the present case, indicating that there are other
contributing factors.

Table 1: Data for cantilever experiments. L — Total cantilever length, w — width, 4 — thickness of
isolated oxide, y — length of isolated oxide, o, — residual displacement and O, — maximum
displacement during testing. The uncertainties in the cantilever dimensions are based on combining
the uncertainty in the measurement method with the observed variations occurring within a cantilever.

Cantilever L (um) w (um) h (pm) 2 (pm) S, (um) Omax (Wm)
A 11.05£0.03 | 2.66+0.03 | 0.19+0.02 | 2.81£0.04 | 1.14+0.03 | 7.92+0.04
B 13.26£0.07 | 2.82+0.03 | 0.23+0.02 | 2.28+0.01 | 1.75+0.06 | 8.43+0.07
C 11.52+£0.08 | 2.27+0.03 | 0.2120.02 | 2.71£0.02 | 1.76£0.06 | 7.53+0.05
D 11.50£0.04 | 3.00+0.03 | 0.23+0.02 | 2.52£0.02 | 1.01£0.04 | 6.93+0.03
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Figure 3: Example of a micro-cantilever bending test (cantilever C). (a) Cantilever before testing; (b)
at point of maximum deflection; and (c) residual displacement indicating plasticity after test. F and
F), in (b) are the horizontal and vertical force component, respectively. (d) Representative equivalent
force—free end displacement curves for two consecutive loading cycles.

Another prominent feature of the force—displacement curves in Fig. 3d is the force oscillations
in the non-linear region, which are thought to be related to the slipping of the FMS tip over the rough
oxide surface. After load reversal, there is a large drop in the measured force (occurring in all tests to
varying degree), after which the unloading response is non-linear, following a similar path as the
loading branch of the curve but with lower forces and stiffness. The non-linearity and presence of
oscillations also during unloading again points to slipping of the FMS as the underlying reason.
Reverse slipping does not, however, explain the large drop in force or subsequent lower force levels
during unloading. The most likely explanation for this is non-linearities in the voltage—displacement
relationship of the FMS system when the tip slides back up the oxide surface, resulting from the large
angle at which the force is applied to the tip giving a non-pure bending of the FMS silicon cantilever.
In particular, the rough surface with rather sharp angles could be expected to increase the horizontal
force component as the FMS tip is caught in trenches between oxide grains. Upon reloading a
cantilever after unloading, the original stiffness is obtained (see Fig. 3d). It should be noted that force
drops after load reversals during micro-cantilever bending has been observed previously [21], and was
attributed to slipping of the nanoindenter tip also in that case. However, in [21] the subsequent
unloading path was parallel to the loading branch, contrary to our observations, which is likely related
to the more robust force response and geometry of the nano-indentation system used, as compared to
the present micro-manipulator setup. For information purposes the full force-displacements curves for
all specimens are included in the supplementary material, but it must be noted that the observed
hysteresis loops are not related to the occurrence of plasticity, but rather mainly related to the
performance of the FMS system, as described above.

At this point we focus the attention on the displacement response, rather than the forces, and
note that there is a residual displacement, J,, remaining in Fig. 3c after unloading. Such residual
displacements are present in all three cantilevers (see supplementary material), with magnitudes
ranging from 1.14 to 1.75 pm in magnitude at the free end (Table 1), indicating the occurrence of
permanent deformation, which in turn suggests the presence of plastic deformation. As oxide scales
are generally assumed to be brittle, in particular at room temperature, a likely mechanism, besides
plasticity, which could cause permanent deformation is micro-cracking of the oxide. Formation of a
larger crack would result in brittle fracture, but a network of numerous smaller cracks, each being
below the critical defect size, could cause permanent pseudo-plastic response. This has been observed



during small-scale deformation of different nominally brittle ceramic materials [22], where a loss of
elastic stiffness was used as an indicator of micro-cracking.

In the present case, we carefully examined the top oxide surfaces by SEM after testing and found no
indications of cracking. Nonetheless, as micro-cracks could be expected to close upon unloading,
making them difficult to observe, we also compared the stiffness in the linear regions of successive
bending cycles and found no conclusive evidence of stiffness reductions. However, since the tests were
not initially performed with stiffness measurements in mind, the scatter in the measurements was
relatively large. Furthermore, no information regarding the stiffness of the cantilevers after the last
bending cycle, after which the largest amount of micro-cracking would be expected, was available. To
resolve this, we conducted an additional test (cantilever D in Table 1), where the stiffness was carefully
measured before and after the larger bending tests that resulted in a permanent deformation of 1.01
um. Care was taken to ensure that the displacements during the stiffness measurements were small
enough to not cause any residual displacements (details are given in supplementary material). The
stiffness values before and after large displacement tests were found to be K= 2.15+0.11 N/m and
K=2.36+0.27 N/m, respectively, implying that there was no significant micro-cracking in the oxide
layer and thus favoring the hypothesis of plasticity as the reason behind the permanent deformation.
The occurrence of plasticity in the oxide scale is proposed to be achievable through the low probability
of defects in the sub-um structure, allowing sufficiently high tensile stresses for plastic flow to be
reached without fracture.

On a final note, it is possible to extract the effective elastic modulus, E.p of the composite
spinel/chromia scale from the measured stiffness, K (details in supplementary material). Using the
measured stiffness for cantilever D, we find E.;=194-206 GPa. This is consistent with values reported
for other spinels (e.g. 198.2 GPa for NiFe,O4 and 185.7 GPa for CoFe,O4 [23]), but lower than typical
values for Cr,Os3 (e.g. 272 GPa [24]). It should be noted that the accuracy in these measurements is not
sufficient to draw any conclusions regarding possible effect of residual strains on the measurement of
E.s An interesting aspect would be to compare the stiffness during the loading and unloading parts of
the same displacement cycle. However, as previously discussed, the limitations of the FMS system
during the unloading phase did not permit any reliable information to be extracted in this respect.

However, as pointed out in [20], cantilever bending is not a suitable method for the
determination of elastic modulus, as the relative error can easily become very large due to the cubic
dependence on the cantilever thickness, 4. In the present case, / is the most uncertain geometric
parameter, as it can vary both along the isolated oxide (which has been accounted for in the estimated
error in Table 1) and across the width of the same (which is not considered in the present investigation).
Careful measurements of the cantilever geometry using post-test FIB sectioning, preferably in
combination with more accurate force measurements, must be undertaken in order to further improve
the accuracy of the estimated effective elastic modulus.

In summary, we have proposed a micro-cantilever geometry which provides a residual stress-
free isolated thermally grown oxide scale with a thickness in the order of 200 nm, which could be
tested in tension through bending. We can conclude that the permanent residual displacement



repeatedly observed after multiple micro-cantilever bending experiments is caused by plastic
deformation of the oxide, rather than micro-cracking. Although further work is necessary to elucidate
the detailed mechanisms behind the plastic deformation, the observed plasticity of nominally brittle
oxide scales is likely a further example of the size-dependent brittle-to-ductile transition previously
discussed. One drawback of the specimen geometry proposed herein is the steep stress gradient in the
oxide scale, which subjects only the top-most part of the oxide to high tensile stresses, but further
developments are presently under way to address this issue.
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Room temperature plasticity in thermally grown sub-micron oxide scales revealed
by micro-cantilever bending

Supplementary material

Anand. H. S. lyer, Krystyna Stiller, Magnus Hornqvist Colliander
Department of Physics, Chalmers University of Technology
41296-Gothenburg, Sweden

A. Details of sample preparation

The superalloy surface was prepared according to metallographic preparation techniques
down to 0.25 um diamond suspension finish prior to exposure. This reduces the influence of
surface roughness on oxide growth and results in an oxide layer of rather uniform thickness. The
exposure was conducted in an Alumina tube furnace with a hot zone of about 10 cm (uncertainty in
temperature was +5°C). The sample was placed on an Alumina boat which serves both as a holder
and protection from impurities. The furnace consists of a gas inlet through which a regular flow of
oxygen at the rate of 250 ml/min was maintained. Dry oxygen was used for the exposure in order
to prevent evaporation of Cr,03 in the presence of water vapor. After exposure, FIB cross sectioning
was done at various points to determine average thickness of oxide layer.

The oxidized specimens were cut using a low speed saw and the cross section was polished
using broad ion beam (BIB) milling in a Leica EM TIC 3X Triple lon Beam cutter system, operated at a
voltage of 6.5 kV and a current of 2.4 mA for 6 hours, in order to get a flat and sharp edge. The
micro-cantilevers were prepared through FIB milling. Coarse milling was performed at 30 keV 30
nA, and the current was reduced in steps down to 100 pA during subsequent fine milling, in order
to achieve a good surface finish and minimum ion implantation.

B. Stiffness measurements on cantilever D
In order to measure possible changes in the stiffness of cantilever D resulting from micro-

cracking during deformation, five cycles with a maximum equivalent force of around 4 pN
(corresponding to a stress level in the outer fiber at maximum load of c;=6FeqL/wh2z2 GPa,
assuming linear elastic behavior) were applied before and after the bending experiment. The
absence of permanent deformation after elastic cycles was confirmed in the SEM images. Each
cycle was performed with a different loading point along the cantilever in order to estimate scatter
from evaluation, and the stiffness was evaluated from each data set by a linear fit to the data
points from the loading branch of the curves (shown in Fig. S1 and stiffness values for all cycles are
given in Table S1).

Table S1. Stiffnesses measured from each elastic loading cycle.

Stiffness (N/m)
Cycle Before bending test After bending test
1 2.15 2.19
2 1.96 2.75
3 2.17 2.21
4 2.19 2.52
5 2.26 2.12

Average 2.15 2.36
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Figure S1: Force-displacement curves from elastic small displacement bending experiments for
cantilever D. The ‘0’ represent before large displacement tests and ‘*’ represent after large
displacement tests. The force values for the ‘after’ has been shifted above by 3 uN for clarity.

C. Geometric factor — Evaluation of elastic modulus.
The geometry of the cantilever in the experiments can be considered as a combination of the
following elementary cases:
a. Cantilever with point load and moment at free end (oxide).
b. Cantilever with point load at the free end (oxide with substrate).
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Figure S2: Schematic of cantilever. a) Cantilever with point load and moment (oxide), b) cantilever
with a point load (oxide with metal), c) displacements. Note that E is the elastic modulus and / is the
moment of inertia.

The following assumptions are made for the calculations:

1. 6, which is the slope at the end of the pure oxide part, is the small and hence sin0; = 6;.
This is justified by the measured maximum slope during the elastic cycles, which is in the
order of 10° (sin6/6=0.995).

2. The part of the cantilever with underlying metal substrate (L-y) remains straight during
bending. This is motivated by /,>>/; (a function and the cube of the thickness), and was
verified from the SEM images.

From figure S2(c) we have,
8, =sin6; (L —x) = 6.(L —x) (1)

The slope, 6, is given by the sum of the slopes caused by the applied point load and bending
moment. Using the standard formulae, we get,

Fogx? = Feg(L—X)xX
eqX + eq(L—X (2)
2E1 14 Eqlq

912

Similarly, the displacement for the oxide part is given by

Foqx® | Feq(L—)x)x?
8 =24+ = (3)
3E11; 2EI4

Combining the equations (1) — (3), the total displacement, d.= 81+ 3,, can then be found from,

_ Feqg
Oe = Eil (4)

where the geometric factor, g, is given by
2 2, X
g=Lx—-Lx"+< (5)

The above equation for displacement can be used to calculate the elastic modulus, E of the
material. Rewriting the equation, we get,

E:g? (6)

where, K = Foq/ 5, the stiffness measured from elastic part of force-displacement curves, / is the
area moment of inertia of the cross section (/ = wh/12) and g is the above geometric factor.

The above model neglects a number of characteristics of the actual micro-cantilever.
Besides the assumed absence of deformation of the oxide+metal part of the cantilever, the most
important ones are the boundary conditions applied to the two elementary cases, assuming rigidly
fixed, rather than constrained, clamping. The bases of both elementary case cantilevers will



undergo limited rotation, and the supporting metal can deform under the oxide cantilever. In order
to assess the accuracy of the analytical model presented above, we compared the results with
linear elastic 3D finite element (FE) simulations performed in COMSOL Multiphysics 5.0. The
simulated cantilever, shown in Fig. S3, had the following dimensions: L=10 um, w=3 um, h=0.2 pm,
x=2.5 um and H=0.6 um. The load was distributed along the end of the cantilever and the resulting
displacements were extracted. Only half the cantilever was simulated due to symmetry along the
central plane.

Figure S3: Finite element model used for assessment of analytical model accuracy.

The properties of the metal were E,,,=200 GPa and v,,=0.3, whereas the elastic modulus of
the oxide, E,, was varied (v, Wwas kept constant at 0.25). Three cases were simulated: (i) a
compliant oxide, E,,/En=0.75; (ii) a neutral oxide, E,/E,»=1.0; and (iii) a stiff oxide, Ex/E»=1.5. The
resulting force-displacement curves can be seen in Fig. S4, together with the predictions from Eq.
(5). The analytical model is slightly stiffer than the FE model, but the difference is small. Comparing
the stiffnesses from the FE model (Kr¢) with the analytical values (K, according to Eq. (6)), we find
that K,/Kr=1.043, 1.051 and 1.066 for the compliant, neutral, and stiff oxide, respectively.
Consequently, if Eqg. (6) is used to extract the elastic modulus we get under-estimation of the actual
values of E,, by 4.1 %, 4.9 % and 6.2 %, for the three different cases. Considering that the elastic
modulus found in the present study is close to that of the superalloy substrate, we can expect an
under-estimation of the actual modulus of around 5 % (assuming perfect geometry). Given that the
error from uncertainties in the geometry is expected to be considerably larger than this, the
analytical model gives satisfactory accuracy for approximately evaluating the elastic modulus.
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Figure S4: Results from finite element simulations (circles) and analytical model in Eq. (5) (solid

lines) for three different relative stiffnesses of oxide and metal.



D. SEM images for cantilevers A, B and D

The SEM images for cantilevers A, B and D have been shown below in order to show the
presence of permanent deformation after all bending tests and confirm the repeatability of the
experiment.

Figure S5: SEM images from bending test for cantilever A. a) before, b) max displacement and c)
after.

Figure S6: SEM images from bending tests for cantilever B. a) before, b) max displacement and c)
after.



Figure S7: SEM images from bendg tests for cantilever D. a) before, b) max displacement and c)

after.
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Figure S8: Force displacement curves for all four cantilevers; (a) Two loading cycles shown for
cantilever A. In this test, the FMS system stopped recording during the first loading cycle, at the
point indicated by the black arrow. The red arrow shows the residual displacement for the
corresponding loading cycle, measured from SEM images after unloading. (b) Two loading cycles
shown for cantilever B; (c) and (d) three loading cycles shown for cantilever C and D, respectively.



