
                                                 
 
 
 

 
Final Draft 
of the original manuscript: 
 
 
 
 
 
Kupka, D.; Lilleodden, E.T.:  
Mechanical Testing of Solid–Solid Interfaces at the Microscale 
In: Experimental Mechanics (2011) Springer 
 
DOI: 10.1007/s11340-011-9530-z 



Experimental Mechanics manuscript No.
(will be inserted by the editor)

Mechanical testing of solid-solid interfaces at the
microscale

D. Kupka · E. T. Lilleodden

November 23, 2010

Abstract In order to determine the influence of in-
ternal interfaces on the material’s global mechanical
behavior, the strength of single interfaces is of great
interest. The method presented here enables quantita-
tive testing of solid-solid interfaces at the microscale.
Cantilever beams are fabricated by focused ion beam
milling out of rolled sheets of the aluminum-lithium al-
loy AA2198, with a grain boundary of interest placed
close to the fixed end of the cantilever. Additionally,
a semi-cylindrical notch is fabricated at the location
of the grain boundary. The cantilevers are then tested
within a nanoindentation system and a correction to
the deflection of the cantilever is presented. In order
to determine the onset and propagation of damage, the
stiffness of the cantilevers is recorded by multiple un-
loading segments during the test as well as by making
use of continuous stiffness measurements. A finite ele-
ment model is used to normalize the load and stiffness
in order to make comparisons between different spec-
imens. Finally, images of the crack tips on the grain
boundaries and the fracture surfaces were taken.

Keywords micro-cantilever · fracture test · grain
boundary · interface

1 Introduction

The initiation and propagation of damage within many
materials and structures is dominated by the proper-
ties of internal interfaces. For example, the interfacial
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strength is crucial to the function of thin films and coat-
ings. Debonding at the interfaces between the fibers
and the matrix of fiber reinforced composites reduces
the strength, the elastic modulus and the resistance to
damage [1]. Grain and phase boundaries in metals are
preferential sites for the initiation and propagation of
cracks [2]. If the interfacial area and the size of a com-
ponent are sufficiently large, macroscopic testing pro-
cedures may be applied, such as the double-cantilever
test for investigating delamination properties [3]. How-
ever, many internal interfaces have characteristic areas
of some 10’s of square microns, requiring new experi-
mental methods to be developed in order to determine
the strength of these interfaces. Today there exists a
large number of microscale mechanical testing methods
which have been reviewed in several articles, e. g. [4,
5]. One challenge for the mechanical testing of small
scale interfaces is that these tests need to be carried out
at distinct locations within the material. This can be
achieved by combining focused ion beam (FIB) milling
with high resolution load and displacement measure-
ments provided by nanoindentation techniques. Hence,
the compression of micro-columns [6], the micro ten-
sile test [7,8] and the bending of micro-cantilevers [9]
are three potential experimental methods for the test-
ing of interfaces. In micro-compression testing, micro-
columns are fabricated into the surface of a material
at any location of interest and compressed with a flat-
punch tip using a nanoindentation system. These tests
provide access to the deformation mechanisms on the
microscale at different locations and can be used to in-
vestigate the influence of microstructural features, such
as the influence of grain boundaries on the deformation
behavior [10]. However, compressive forces are not ap-
propriate for studying interfacial strength, which typ-
ically necessitates tensile loading. Microscale uniaxial
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tensile tests have been developed which provide infor-
mation on the deformation mechanisms in small dimen-
sions. Within such tests a uniform tensile stress field
may be used to investigate the separation properties of
interfaces. However, the handling and the preparation
of the samples is a critical challenge [11]. Finally, micro-
scopic bending specimens provide the most promising
approach for separating interfaces on the microscale.
These specimens are subject to less restrictions than
tensile specimens and can be tested by means of stan-
dard nanoindentation methods. Making use of notched
cantilevers, the fracture toughness of amorphous thin
films has been determined [12,13]. The separation be-
havior of multiple interfaces in lamellar γ-TiAl speci-
mens has been investigated [14], and for grain bound-
aries in corrosive environments single interfaces have
been examined [15].

Within the present work the micro-cantilever frac-
ture test has been refined and a quantitative analysis
has been developed by means of finite element anal-
ysis. In order to demonstrate this refined method, we
have chosen rolled sheets of an aluminum lithium al-
loy AA2198, which is known for the complex grain
boundary structure [16]. Two thermo-mechanical treat-
ments were considered: solution heat treated and nat-
urally aged (T351) and artificially aged (T8). This ma-
terial has characteristically flat grains elongated in the
rolling direction, a so-called “pancake” microstructure,
as can be seen from figure 1. Thus, the grain bound-
aries are flat with respect to the short transversal di-
rection taken as the surface normal, a great advantage
for studying the separation behavior of single grain
boundaries. Although this material was initially cho-
sen since it is known for intergranular damage [17],
the high rate of diffusion of gallium into grain bound-
aries in aluminum [18] circumvents the FIB fabrica-
tion method for investigations into its grain boundary
strength. Nonetheless, the method is demonstrated here
on this material as a model example of embrittled grain
boundary materials [19,20].

2 Specimen Preparation

In order to investigate the failure behavior of the grain
boundaries, cantilevers with a rectangular cross-section
were prepared using FIB milling. A rectangular cross
section was chosen in order to maintain a constant crack
width. To achieve such a geometry, the specimens must
be fabricated from a near edge region of the sample.
This minimizes the amount of material to be removed
by the FIB milling process. Using orientation contrast
images achieved with the ion beam, a suitable grain

Fig. 1 Composition of optical micrographs after Barker
etching of the AA2198 sheets

boundary can be found and placed a distance approxi-
mately 2 µm from the supported end of the cantilever.
As shown in figure 2(a), only the regions adjacent to
the cantilever are scanned such that the cantilever is
never directly exposed to the ion beam. The selected
boundary is marked by a line pattern outside the cut-
ting area to identify the position of the boundary during
the cantilever fabrication process.

Using a relatively high beam current (e. g. 7 nA) a
trench of material is removed from each side adjacent
to the cantilever, leaving sufficient space for subsequent
cuts to release the cantilever from below. Subsequent
milling is conducted at lower currents in the range of
1 nA to 0.1 nA for the final surface milling. After the
cantilever has been prepared, a semi-cylindrical notch
is made using FIB milling from one side of the can-
tilever at the location of the grain boundary. The notch
ensures that the selected boundary serves as the pri-
mary failure site during testing by avoiding high tensile
stress concentrations in the support. The blunt shape of
the notch is favorable since the position of the selected
grain boundary is not directly imaged but rather only
estimated. Furthermore, the boundary edge may not
be perfectly straight, which would prevent the fabrica-
tion of a sharp artificial crack directly at the boundary.
Lastly, the well defined shape of the notch circumvents
any ambiguities associated with stress singularities for
the finite element analysis, as will be discussed later. In
the work presented here the nominal dimensions of the
final cantilever are approximately 20 µm× 5 µm× 5 µm
(length×width×height). A representative cantilever is
shown in figure 2(b).
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(a) (b)

Fig. 2 (a) selection of a suitable grain boundary by using ion channeling contrast images and (b) SEM image of
a cantilever with characteristic dimensions

3 Experiments and Correction

The bending experiments are carried out using a
Nanoindenter XP (Agilent) equipped with a Berkovich
tip. This tip is used since it is sufficiently sharp to cre-
ate visible indents on the cantilevers so that the bending
length, L, of the cantilever from the supported end to
the contact point for loading can be determined. More-
over, the use of a sharp tip largely avoids the problems
associated with a wedge or cylindrical contact, where
torque occurs from misalignment at the contact.

During the experiment, the cantilever is loaded at
a constant displacement rate of 5 nm/s. A typical load-
ing profile during an experiment is shown in figure 3. In
order to monitor the onset and propagation of damage
multiple partial unloading segments are employed for
stiffness measurements; a decrease in the elastic stiff-
ness is associated with the presence of damage. Every
100 nm of displacement the indenter unloads to 50 %
of the maximum load. While both the unloading and
reloading data may be used to determine the stiffness,
here the reloading data has been used for the stiffness
analysis.

During some of the experiments, an additional con-
tinuous stiffness measurement (CSM) is carried out,
where a harmonic oscillation of the indenter tip is im-
posed. A harmonic frequency of 45 Hz and a displace-
ment amplitude of 2 nm is used. In order to compare
the reloading stiffness to the harmonic stiffness mea-
sured for one specimen, these specimens are unloaded
in increments of 200 nm corresponding to the above-
mentioned procedure.
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Fig. 3 Load-displacement data from a typical micro-
bending experiment

3.1 Correction to the cantilever deflection

While the applied load, P , is measured directly, the to-
tal displacement, hraw, is comprised of the deflection of
the cantilever beam, w, and the indentation depth, hind,
as shown in 4(a). Figure 4(b) gives a schematic repre-
sentation of the experiment illustrating the correction
to be applied to the raw data. During the loading seg-
ment the indentation depth into the cantilever, hind(P ),
is approximated by the indentation depth associated
with a standard indentation experiment conducted in
the bulk material at the same load. Hence, a reference
curve is measured from indentation experiments in the
bulk material at loads up to the maximum load mea-
sured for the bending experiments. The deflection of



4 D. Kupka, E. T. Lilleodden

the cantilever alone during loading is expressed as:

wloading(P ) = hraw(P )− hind(P ). (1)

It is worth noting that when the cantilever is deflected
the indentation surface is no longer normal to the in-
dentation axis. However, the cantilever deflections pre-
sented in this work do not exceed 10 % of the bend-
ing length leading to a maximum inclination of the
cantilever-axis at the contact point of approximately
6◦. The effect of deflection is neglected within the cor-
rection.

During the unloading and reloading segments the
correction shown in equation (1) cannot be applied,
due to partial elastic recovery of the indent. In order
to correct for the deflection of the cantilever during un-
loading the indentation depth must be decomposed into
a plastic part, hpl, and an elastic part, hel:

hind = hpl + hel. (2)

During the un- and reloading of the cantilever the plas-
tic indentation depth is constant whereas the elastic
indentation depth varies. Both corrections may be ex-
pressed in one equation:

wun−/reloading(P ) = hraw(P )−hpl(Pmax,i)−hel(P ), (3)

where the plastic indentation depth at the last maxi-
mum is calculated as:

hpl(Pmax,i) = hind(Pmax,i)− hel(Pmax,i). (4)

In order to determine the elastic indentation depth the
elastic indentation stiffness, S, of the material is de-
termined from bulk indentation experiments. The in-
dentation stiffness is a function of the maximum in-
dentation depth or equivalently the maximum applied
load: S := S(P ). Either the use of multiple unloading
segments or continuous stiffness measurements during
indentation into the bulk can provide the indentation
stiffness as a function of the load needed for the cor-
rection. Here we use the multiple unloading technique
to obtain the elastic indentation depth since this tech-
nique corresponds to the method widely applied here
for the determination of the unloading stiffness of the
cantilever. The elastic indentation depth is calculated
as:

hel(P ) =
P

S(Pmax,i)
. (5)

The actual experimental stiffness of the cantilever,
Kexp, may then be calculated from the slope, dP

dw , of
the corrected reloading segments. In particular, at low
indentation depths (hind < 100 nm) the variation of the
elastic indentation depth cannot be neglected. Without

considering the change in hel, the slope of the unloading
and reloading curves would be smaller leading to inac-
curate stiffness calculations. The errors in the stiffness
associated with the first reloading segments would be
particularly large since the elastic indentation stiffness
is lowest at small depths.

3.2 CSM data correction

In the case of experiments where the continuous stiff-
ness was additionally measured an additional correction
is needed. In order to separate the continuous stiffness
of the cantilever, KCSM

exp , from the stiffness of the indent,
SCSM, the stiffness of the system, Ksys, is modeled by
two springs connected in series:

1
Ksys

=
1

SCSM
+

1
KCSM

exp

. (6)

By rearranging terms we find an expression for the con-
tinuous stiffness of the cantilever alone:

KCSM
exp (P ) =

SCSM(P ) ·Ksys(P )
SCSM(P )−Ksys(P )

. (7)

In order to determine the harmonic indent stiffness as
a function of the applied load, indentation experiments
using the CSM method are carried out in the bulk, up
to the maximum load used in the bending experiments.

3.3 Fractography

It is of interest to examine the fracture surfaces after
testing. After the test, the specimens remain connected
to the support by a small ligament. This is advanta-
geous for measuring the bending length based on the
indentation contact position after testing. The fracture
surfaces are separated making use of an Omniprobe
micro-manipulator. In order to create enough space for
the separation of the fracture surfaces a part of the can-
tilever is removed using FIB milling. This is because
only a limited amount of material is removed below the
cantilever.

4 Quantification

The complex geometry due to the notch and the sup-
port, along with test to test variation of the specimens
must be appropriately taken into account in order to
make a quantitative assessment of the interface of in-
terest. Finite element analysis is particularly useful for
this purpose and has been employed here for quantita-
tive comparison between specimens.
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Fig. 4 Schematic representations of (a) the decomposition of the total measured displacement, hraw, the cantilever
deflection, w and the indentation depth, hind, and (b) the correction of the raw data for the indentation depth

Fig. 5 Finite element model of a loaded specimen. The
colors indicate the normal stress distribution along the
cantilever axis (σyy) where red indicates the high tensile
stresses and blue corresponds to compressive stresses

For each specimen a finite element model is required
which includes the specific geometry, as shown in fig-
ure 5. These main features of the geometry are: the
bending length, L, defined from the supported end of
the cantilever to the location of the indent; the width,
B; the height, H; the distance, d, from the supported
end to the center of the notch; the notch depth, a; and
the notch radius, r. Additionally, the cantilever sup-
port is explicitly modeled. Fixed boundary conditions
are imposed on the surfaces at the bottom of the struc-
ture as well as on the back surface. The elastic modulus
of the material at the loading point is given as 106 GPa
in order to prevent severe distortions of the elements.
Such a high contact stiffness negates the need for any
indentation correction in the finite element analysis; the
displacement in the simulation equals the cantilever de-
flection, w.

For a simple estimation of the elastic stress fields,
an isotropic elastic model is chosen. As the local elastic
modulus of the material was not known a priori, we
assume an elastic modulus for a typical aluminum alloy
Esim ≈ 72 GPa. The Poisson ratio is ν = 0.33, which
is characteristic for aluminum alloys. With these values
the stiffness, Ksim, of the structure may be computed.
Assuming that the deflection is small compared to the
bending length of the cantilever, we suppose a linear law
relating the deflection, w, to the load, P , by a constant
stiffness, K:

P = K w. (8)

Thus, all geometric features may be reduced to one sin-
gle value with a dimension of length which we call the
characteristic length, l̂:

l̂ =
Ksim

Esim
. (9)

Simulations have shown that the characteristic length
is independent form the chosen elastic modulus within
the range of 60 GPa to 100 GPa.

While the FEM model used here is for linear elastic
behavior, it is not expected that the plasticity occurring
during the actual experiments limits the applicability
of the characteristic length; in all cases the stiffness of
interest results from elastic deflections, and the perma-
nent shape change resulting from plasticity is small. In
the absence of damage we obtain:

Pexp = Kexp wexp = Eexp l̂ wexp. (10)
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Fig. 6 Schematic representation of the general load
displacement data for a cantilever showing linear elastic
behavior followed by plastic yielding. After yielding the
elastic stiffness, i. e. the slope of the unloading segments
remains constant until damage occurs

A normalized load, P̂ , and a normalized stiffness, K̂,
are determined by dividing equation 10 by the charac-
teristic length:

P̂ =
P

l̂
(11)

K̂ =
Kexp

l̂
(12)

Figure 6 illustrates the elasto-plastic response of a spec-
imen: A largely linear elastic region is followed by plas-
tic deformation. In both of these regions the slope of the
unloading segments giving the normalized stiffness is
constant. When damage occurs the slope of consecutive
unloading segments decreases. The normalized stiffness
is equivalent to the elastic modulus of the material as
long as no damage is present in the structure. With the
onset of damage the normalized stiffness will decrease
and, thus, can be used to monitor the damage evolu-
tion.

5 Results

A typical post mortem specimen (T351) is shown in fig-
ure 7. The dark lines on the side surface of the cantilever
are grain boundaries decorated by gallium. The speci-
men failed at the grain boundary where the cylindrical
notch was fabricated, as desired. Near the free end of
the cantilever the indentation created at the loading po-
sition is visible. The normalized load-displacement re-
sponse of this specimen is shown in figure 8(a) together
with a characteristic load-displacement response of one
of the T8-specimens. In general, the plastic deformation
of the T8 specimens starts at higher normalized loads
than that for the T351 specimens.

Fig. 7 Post mortem specimen of the T351 sample.
Fracture occurred at the selected grain boundary. The
grain boundaries along the cantilever are decorated
with gallium as can be seen from the dark lines at the
front of the cantilever

5.1 Load-displacement data

In figure 8(a) examples of normalized load versus can-
tilever deflection for both thermo-mechanical states are
shown. In general, the plastic deformation of the T8
specimens starts at higher normalized loads than that
for the T351 specimens. This is consistent with the ob-
servations from macroscopic tensile specimens which
exhibit an increase in yield stress when artificially aged
from the T351 to the T8 state. For specimens of the
same heat treatment, the maximum deflection and the
maximum normalized load vary between specimens.
This is likely due to the differences between the spe-
cific boundaries tested. When the maximum normalized
load is attained, the deflection increases rapidly.

The normalized stiffness is plotted against the de-
flection at the start of the associated unloading seg-
ment (see figure 8(b)). The values for both the T351
and the T8 specimens can be found within a scatter
band of 15 % and no significant decrease of the normal-
ized stiffness is found before failure. This confirms the
rapid damage propagation which is expected from the
fact that the grain boundaries are embrittled by the
gallium. Without damage present in the cantilever the
normalized stiffness is equivalent to the elastic modu-
lus of the material. From figure 8(b) an average value
of approximately (89± 3) GPa can be calculated. It is
worth noting, that the average elastic modulus mea-
sured from indentation experiments in the bulk mate-
rial is (86± 2) GPa.

The cantilever stiffness determined using the CSM-
method, KCSM

exp , is compared to the stiffnesses deter-
mined from the reloading segments, Kexp, in figure 9
where both stiffnesses are plotted against the cantilever
deflection. The CSM-data shows scatter of approxi-
mately 15 % around its average value. At deflections
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Fig. 8 Plots of (a) the normalized load P̂ and (b) the normalized stiffness K̂ vs. the deflection of the cantilever w
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Fig. 9 Stiffness measured by the CSM method: The
black curve shows the directly measured harmonic stiff-
ness data, Ksys, whereas the blue curve shows the har-
monic stiffness data corrected for the indentation depth
and stiffness, KCSM

exp . The values of the stiffness mea-
sured from the corrected reloading segments, indicated
by the red circles, are given for comparison

up to 100 nm the harmonic stiffness increases until it
attains a constant average value. This is likely due to
deviations from the correction given in equation (7) at
very low indentation depths. Finally, rapid onset and
propagation of damage occur without a preceding de-
crease of the harmonic stiffness. The stiffness measured
from the reloading segments deviates from the mean
value by less than 5 %, which shows that both methods
are equivalent for the determination of the cantilever
stiffness.

5.2 Crack tip observations

Figure 10 shows high resolution SEM-micrographs of
the crack tips (figure 10(a) and 10(b)) or directly be-
hind the crack tip (figure 10(c)) for various tested can-
tilevers. Most crack tips were sharp irrespective of the
thermo-mechanical state, as shown in figure 10(a). Ad-
jacent to the crack path slip lines are observed in the
base material. One of the crack tips in a T8 specimen
was blunted (figure 10(b)). In this specimen the crack
appears to have arrested at a triple junction as can
be seen from the fracture surface in figure 11(b). The
blunting is accompanied by plastic deformation at the
tip which is indicated by the slip lines emitted from
the crack ground. Lastly, a domain of bridging zones
behind the crack tip was observed in a T351 specimen
(see figure 10(c)). The largely vertical lines which are
seen in figure 10 result from the specimen fabrication
through FIB milling, the so-called “curtaining effect”,
and should nor be confused with slip lines.

5.3 Fracture surfaces

The fracture surfaces reveal important features for un-
derstanding the fracture behavior. The T351 specimens
exhibit generally smooth fracture surfaces with some
larger particles visible. A series of lines resembling fa-
tigue striations is found on the fracture surface of one
of the specimens (figure 11(a)). These lines bow around
the coarse particles. However, as a statistical analysis
of grain boundary failure characteristics is beyond the
goals of this paper we cannot comment on the mecha-
nisms leading to the formation of these lines. The frac-
ture surfaces for the T8 specimens appear much rougher
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(a) (b) (c)

Fig. 10 (a) Sharp crack tip as observed in most specimens. Slip lines can be seen on one of the adjacent grains.
(b) Rounded crack tip showing massive slip on the crack ground. (c) Bridging zones found behind a crack tip

than those of the T351 specimens, as can be seen from
figure 11(b). This fracture surface corresponds to the
crack tip shown in figure 10(b). Many particles smaller
than those found on the T351 fracture surfaces are
present. The striation-like lines mentioned before are
not found in any of the T8 specimens.

6 Summary

A refined method for the investigation of the mechani-
cal response of grain boundaries or other internal inter-
faces on the microscale has been presented. Microscopic
cantilever bending specimens with a semi-cylindrical
notch at the location of a grain boundary have been
used to characterize the onset and propagation of dam-
age at grain boundaries. The evolution of the bending
stiffness has been monitored by multiple unloading tests
or through continuous stiffness measurements through
the loading cycle. A decrease in the bending stiffness is
associated with the presence of damage in the structure.

Corrections have been developed for the deflection
and the stiffness measured by the CSM method associ-
ated with the indentation depth occurring at contact.
Using finite element simulations a characteristic length
has been computed that serves to normalize the load
and stiffness measurements. Within this framework of a
normalized load and stiffness, the onset of plastic defor-
mation, the maximum supportable load and the dam-
age evolution along the interface of different specimens
could be compared. Finally, the fracture surfaces of post
mortem specimens were imaged serving as an impor-
tant if not critical aspect for investigations concerning
the fracture behavior of interfaces.

The method has been applied to grain boundaries of
the aluminum-lithium alloy AA2198 in the heat treated

states T351 and T8. All specimens showed a largely
linear elastic response followed by plastic deformation.
Rapid onset and propagation of damage was observed
in all cases, as indicated by negligible reduction in stiff-
ness. Moreover, the onset of yield and the maximum
supportable load before fracture observed for the T8
specimens were higher relative to the T351 specimens,
as indicated by the higher normalized loads. The stiff-
ness measured using the CSM method and the stiff-
ness determined by the reloading segments were equiv-
alent for both samples. Finally, the fracture surfaces
of the T351 grain boundaries were smooth with some
larger particles visible whereas the T8 fracture surfaces
showed a large quantity of smaller particles.
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