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Abstract This study explores the probable correla-
tion between degradation in bond line fracture tough-
ness and the changes in the measurable mechanical
properties of the adhesive layer due to environmental
contamination in adhesively bonded composite struc-
tures. Nanoindentation technique is utilized to mea-
sure the adhesive Young’s modulus and hardness. The
proposed framework utilizes the large scale bridg-
ing of interfacial fracture proposed by Tvergaard and
Hutchinson (Philos Mag A 70(4):641–656, 1994), for
considering the significant contribution of plasticity on
themacroscopic bond line fracture toughness.A typical
adhesive-adherend material system (EA9394/Hexcel
IM7-G/8552) exposed to different contaminants at the
same concentration is examined. Hardness measure-
ments showed two distinct effects of contamination
on the adhesive material; namely (1) softening and
(2) hardening depending on the class of contami-
nants. In addition, macroscopic mode-I fracture tough-
ness is independently measured by double cantilever
beam test. Finite element method employing cohesive
zone method is used to rationalize the experimental
results and the prospective scaling-laws. The combined
experimental results of macroscopic properties and the
numerical results of the interfacial properties showed
the role of contamination in reducing the plastic dissi-
pation within the bond line and the macroscopic dete-
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rioration of the bond line effective fracture toughness.
The results showed the existence of a correlation sim-
ilar to Tvergaard and Hutchinson’s results. However,
the results suggest a scaling between the interfacial
cohesive fracture toughness and the measurable flow
stress. The scaling correlation has the potential to be
utilized in assessing the relative trend between different
contaminants. While the proposed scaling is verified
for a common adhesive-adherend system in aerospace
industry, with additional examination of other systems,
the proposed scaling lawmight facilitate the utilization
of the perceived non-destructively evaluated indenta-
tion hardness to serve as an indicator for the bond line
macroscopic fracture toughness.

Keywords Adhesive joints · Adhesion · Composite
structures · Contamination · Nanoindentation · Bond
line integrity

1 Introduction

Carbon fiber reinforced polymer (CFRP) composites
have been extensively utilized as a major construction
material in modern civil aircraft industry, because of
their high strength-to-weight ratio. Adhesively bonded
joints are extensively used in CFRP composites, with
the advantages of high strength-to-weight ratio, uni-
form stress along the bond line, and design flexibil-
ity in the assembly of complex airframe structures (da
Silva et al. 2011). Reliability of bonded joints has been
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studied extensively by brute-force testing under many
service environments, including: (1) service tempera-
ture (Kalarikkal et al. 2006; Ashcroft et al. 2001), (2)
moisture (Mubashar et al. 2009; Katnam et al. 2010),
(3) loading history (i.e. amplitude and frequency of
dynamic loads) (Khoramishad et al. 2011), (4) thermal
cycling (Al-Mandil et al. 1990; Lee and Holl 1996),
(5) exposure to contaminants (McDaniel et al. 2011),
and (6) exposure to radiation (Paulauskas et al. 1996).
The complex physical and chemical interplay between
these factors may result in accelerated or delayed fail-
ure of the bond line. The difficulty remains in setting a
failure criterion or a threshold, similar tometallic struc-
ture wherein fatigue crack propagation is themajor fac-
tor. The challenge remains in the early detection of the
interfacial progressive damage of the bonded structures
and the assessment of the current level of the effec-
tive interfacial fracture toughness, before the onset of
a catastrophic failure.

This study explores a probable correlation between
the contamination-induced degradation of bond line
toughness and the degradation/changes in measur-
able mechanical properties of the adhesive layer, mea-
sured by indentation testing. Indentation testing can
be thought of as a non-destructive evaluation proce-
dure, wherein the residual indentation impression is
of the same order as the surface roughness, and is
much smaller than bond line thickness. The proposed
framework employs the large scale bridging of inter-
facial fracture proposed by Tvergaard and Hutchin-
son (1994), hereafter denoted TH, wherein plasticity
has a major role in the toughness of polymer-based
adhesively bonded joints (see for example Chai 1986,
1993). In TH-framework, the effective work of fracture
per unit area on the interface, �e f f is a function of the
interfacial work of separation,�0 and the yield strength
σy of the adhesive layer. The TH-framework suggests a
dimensionless correlation between�e f f and, σy among
other interfacial parameters. The current work exam-
ines the prospective of such scaling to be applied
for comparative examination of a typical adhesive-
adherend system exposed to different types of envi-
ronmental contaminants at the same level of concentra-
tion, including typical hydraulic fluids andmold release
agents. Mechanical properties including Young’s mod-
ulus, E , and hardness, H , of the adhesive layer were
measured by nanoindentation technique. Macroscopic
mode-I fracture toughness was measured by double
cantilever beam (DCB) test. In addition, a cohesive-

based finite element modeling (FEM) was employed to
rationalize the experimental results and the prospective
scaling-laws, if any.

2 Proposed hypothesis

Failure modes of adhesively bonded joints can be clas-
sified as, (1) adhesive failure at the adhesive-adherend
interface, (2) cohesive failure within the adhesive
layer, and (3) substrate failure within the adherend
ASTM D5573-99 (2012). Although the highest joint
strength can be achieved by the substrate failure mode,
adhesive failure is the most common failure mode
in composite applications (da Silva et al. 2011). The
mechanical properties of the adhesive material play an
important role on the joint strength (Chai 1986, 1993).
The mechanisms of deformation could be identified
from the phenomenological traction-separation cohe-
sive law, describing the bond line toughness.

Under steady-state conditions, the area under this
curve is defined as cohesive fracture energy (or work
of separation per unit area), �0, which is a toughness
indicator. The cohesive law is regarded as a mater-
ial property (for each adhesive-adherend pair), and is
not affected significantly by the thickness of the adhe-
sive layer within the commonly used range of 100–300
µm (TH; Pardoen et al. 2005). Typical service loads
induce relatively low traction at the bond line, resulting
in elastic deformation of the adhesive layer. After the
yield strength of the adhesive material, σy is reached,
the plastic deformation of the adhesive induces a large
separation, where the surface traction might increase
slowly. The increase of the traction is due to the com-
bined effect of the increasing hydrostatic stress in the
constrained tri-axial stress state, and the strain hard-
ening of the adhesive. Finally, when the local trac-
tion exceeds the interfacial cohesive strength, σ̂ , the
adhesive layer debonds from the adherend substrate.
Such an energy dissipation process can only exist if the
cohesive interface strength is greater than the adhesive
yield strength (σ̂ > σy). Otherwise, the plasticity of
the adhesive layer can entirely be shielded, which is
an undesirable situation for an efficient bonding appli-
cation. In the other extreme, when σ̂ >> σy , crack
propagates through the adhesive material rather than
along the interface. Thus, it can be argued that the
bond line toughness directly correlates with the adhe-
sive mechanical properties. For example, increasing
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Utilization of nanoindentation to examine bond line integrity 103

the yield strength (or hardening rate) would lead to
low ductility and even a sudden ductile-brittle transi-
tion when σy > σ̂ . In practice, both aging and envi-
ronmental contamination often lead to hardening of
most polymer-based adhesives, accompanied with the
degradation of interfacial strength. Both effects typi-
cally reduce the bond line fracture toughness.

The measured mechanical properties of the adhe-
sive, σy and E , can be correlated to the measured frac-
ture energy,�e f f through the following argument.�e f f

can be written as the confluence of the interfacial cohe-
sive (surface or binding) energy �0 and the energy dis-
sipation through plastic (or inelastic) deformation,Wp,
such that

�e f f = �0 + Wp (1)

For a bond line thickness h greater than R0, which
is a material-based length scale, TH showed that �e f f

becomes independent of the bond line thickness. R0 is
approximately the plastic zone size as long as R0 < h.
When �e f f > �0 for large scale bridging, the plastic
zone size scaleswith R0.When plasticity has negligible
contribution and the crack propagate at the interface at
constant applied stress intensity factor, K = K0; R0 is
defined as a reference length scale,

R0 ≡ 1

3π

(
K0

σy

)2

= 1

3π(1 − ν2)

E �0

σ 2
y

(2)

Here, the Young’s modulus E and Poisson’s ratio ν

are the properties of the bond line material. A measure
ofWp (per unit bond line width) can be estimated from
the strain energy density (scales with σ 2

y /E) and the

size of the process zone (scales with R2
0) such that,

Wp ∼ σ 2
y

E
(R0)

2 ∼ E �2
0

σ 2
y

(3)

The presented scaling in Eq. 3 suggest strong influ-
ence of σy compared to E . Additionally, while not
intuitively, Wp is a function of �0. Accordingly, Eq. 1
becomes,

�e f f = �e f f
(
�0, σy, E

)
. (4)

For a wide range of material properties TH showed
that for adhesive layer thickness h/R0 > 4, full plas-
ticity enhancement of toughness is reached. At such
adhesive layer thickness, the numerical results of TH,
summarized on Fig. 1 show the prospective form of
Eq. 4 as a scaling of �e f f /�0 with σ̂ /σy for a broad
range of σ̂ /σy ratio. For a known intrinsic fracture para-
meters of the interface (�0 and σ̂ ), the observed trend
on Fig. 1 might be interpreted as a prospective corre-
lation between �e f f and σy . One might argue about
the existence of a range, typically σ̂ /σy ≤ 4, wherein
interfacial plastic dissipation has a noticeable role in
increasing the�e f f /�0 ratio,with no significant depen-
dence on the hardening exponent, N . Additionally, at
the early stage of σ̂ /σy ≈ 2, �e f f is of the same order
of�0. This is similar to the scenario of interface embrit-
tlement and reduced role of plasticity, arising from con-
taminated bond line.

In the proposed experimental framework, we will be
looking for a similar correlation, wherein �e f f ∼ σm

y
for the practical range of 0.5 ≤ σ̂ /σy ≤ 2 observed in
the current degradation study. To explore such relation,
�e f f and σy should be independently measured. Here,

Fig. 1 a Summary of TH
numerical results (Fig 8,
1994), showing the
correlation between the
ratio of the effective work of
fracture per unit area to the
interfacial work of
separation, and the ratio of
interfacial cohesive strength
to the yield strength of the
adhesive layer for two
different hardening
exponent. b Geometry of
the bond line joint
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the Tabor approximation (1951, 1986) is being utilized
for the indentation hardness to be considered as an aver-
age measure of the material yield strength in compres-
sion (H ∼ 3σy). �e f f will be measured experimen-
tally from DCB tests. The intrinsic fracture toughness
properties will be examined numerically to match the
experimental measurements �e f f and the peak load of
the force-displacement curve of the DCB sample. Once
these correlations are established, we anticipate that a
contamination induced softening within the adhesive
layer might result in the increase of �e f f . With the aid
of such correlations, themeasured E and H of the adhe-
sive material may provide the relative trends for �e f f ,
unless being overshadowed by significant reduction of
σ̂ that may embrittle the adhesive-adherend interface.

3 Materials and sample preparation

3.1 Adhesive material and contaminant types

Loctite Hysol EA9394 two-part epoxy was selected,
as one of the commonly utilized epoxies in aerospace
applications. This adhesive exhibits high toughness
and strength even at a high operating temperature of
350 ◦F (177 ◦C) for the aviation industry, and can be
cured at room temperature. Since the epoxy has alu-
minum powder fillers, care was taken during nanoin-
dentation measurements in order to precisely probe the
adhesive properties away from the surrounding fillers
(Yang et al. 2009). A variety of environmental con-
taminants, including three different types of aviation
hydraulic fluids and two different types of mold release
agents were adopted in this study. These two groups
of contaminants are commonly observed in service
and repair environments. The contaminant types are
tabulated in Table 1. A controlled contamination sur-
face concentration of 55µg/cm2 was applied, which
represents non-volatile residue cleanliness of Level-J
according to MIL-STD-1246C (1994).

3.2 Sample preparation

Nanoindentation samples consist of a contaminated
layer of the adhesive on top of a glass slide. The selected
contaminants were first diluted by a volatile agent such
as hexane at the proper concentration, then the diluted
solution was applied uniformly on top of the uncured
adhesive layer. The desired surface concentration was

controlled by the height of the solution, and verified
by performing infra-red spectroscopy to be within few
percent. Finally the samples were cured in a furnace
at 190 ◦F (88 ◦C) for 2 hrs according to Hysol EA9394
material data sheet.

The DCB fracture samples consist of two adherend
composite panels bonded to each other by a layer
of Hysol EA9394 adhesive. Adherend panels with a
layup of

[±45◦, 0◦
5

]
S , were constructed by stacking

10 plies unidirectional prepregs (Hexcel IM7-G/8552)
and two additional plies of bi-directional weaved fab-
ric (Hexcel W3B-282) at ±45◦ on the top and bot-
tom sides. Standard fabrication of vacuum bagging
and hot-press curing methods were implemented. The
adherend panel surfaces were grit blasted to induce 4–
5 µm surface roughness, which is generally consid-
ered as sufficient surface roughness for a proper adhe-
sion process (Bossi et al. 2005). After the sand-blasting
process, the panel surfaces were cleaned by water and
hexane, then the panels were left in a drying furnace at
160 ◦F (71 ◦C) for 2h with a heating and cooling rates
of 5 ◦F/min, followingNAVAIR01-1A-21 (2005) tech-
nical manual (see Sect. 6–7a (2)). The diluted conta-
minants were uniformly applied on the roughened and
cleaned surface of the composite panels. Finally a pair
of exposed/unexposed adherend panels were bonded
to each other by an adhesive layer. A 125µm thick
Teflon film was used to create an initial crack at the
edge of the samples. In addition, a 250µm shim was
inserted at the edges to control the adhesive layer thick-
ness. The resulting bond line thickness was measured
to be around 400µm. Finally, bonded composite pan-
els were cured under 5psi (34.5kPa) pressure at room
temperature (22 ◦C) for 16 hrs. Subsequently, another
final rapid curing process was performed in the furnace
at 190 ◦F (88 ◦C) for 2h. These assembled composite
panels were cut into sample dimensions (25.4mm ×
180mm) and steel loading blocks were glued to the
ends of the samples. Figure 2 shows the sample geom-
etry and dimensions.

4 Hardness measurements by nanoindentation

Nanoindentation is utilized to probe the changes in
mechanical properties of the adhesive material due to
contamination. Environmental contamination exhibits
shallow and non-uniform adsorption/diffusion into
the adhesive polymer network. Thus, nanoindentation
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Utilization of nanoindentation to examine bond line integrity 105

Table 1 Different classes
of contaminants used in this
study

Notation Description Classification

1 HF-1 MIL-PRF-87257 Aviation hydraulic fluid

2 HF-2 SAE AS1241

3 HF-3 MIL-PRF-85570

4 F-44 LOCTITE FREKOTE 700-NC Mold release agent

5 F-700 LOCTITE FREKOTE 44-NC

Fig. 2 Double cantilever
beam specimen geometry

technique is more suitable to probe such subtle changes
near the adhesive surface, rather than bulk property test-
ing. All indentations were performed in force control
using the Hysitron TI 950 TriboIndenter. A trapezoidal
loading profile, which consists of a 5 s linear loading,
2 s hold at the peak load, and 5s linear unload, was uti-
lized for nanoindentation using a Berkovich tip with a
tip radius of about 150nm. Several indentations were
performed on each sample with a peak load ranging
from 1000 to 6000 µN with 1000µN intervals, which
resulted in contact depths up to 5µm. Data analysis
method proposed by Oliver and Pharr (1992) was uti-
lized to determine the indentation hardness, H , and
modulus, E .

Figures 3 and 4 show the variation in indentation-
measured E and H for different types of contaminants,
respectively. It should be noted that thesemeasured val-
ues should not be mistaken with the bulk macroscopic
values, especially the hardness as it might display a
size dependent response at the nano-scale (Lam and
Chong 1999). Therefore, the percentage change with
respect to the reference measurement are utilized in
the comparison and also presented on Figs. 3 and 4. E

was found to vary within 10% of the reference value
with no identifiable trend with the contaminant type.
On the other hand, two distinct effects of contamination
on H ; namely softening and hardening were observed
depending on the contaminant group. For the exam-
ined adhesive, H is decreased by the hydraulic fluid
contaminants (softening of the adhesive), whereas it
is increased by the mold release agent contaminants
(hardening of the adhesive).

According to our hypothesis, �e f f ∼ Hm for σ̂ >

σy . If the hypothesis holds, the nanoindentation results
predict higher degradation in bond line toughness in the
case of contamination by mold release agents (accom-
panied with hardness increase) compared to hydraulic
fluids (accompanied with hardness reduction). Such
prediction will be verified by the DCB tests.

5 Mode-I fracture toughness measurements by
double cantilever beam test

Bond line fracture toughness was measured by DCB
test, according to ASTM D5528-13 (2013) , for mode-
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Fig. 3 Role of different contaminants on the measured indenta-
tion modulus. Error bars correspond to ±STDEV

Fig. 4 Role of different contaminants on the measured indenta-
tion hardness. Error bars correspond to ±STDEV

I fracture characterization of adhesively bonded struc-
tures. All DCB tests were performed in displace-
ment control at a loading rate of 0.02 mm/s using
an INSTRON 8862 servo-electric computer controlled
testing frame. Force, cross-head displacement and in-
situ digital images of the crack growth were recorded
simultaneously. Elaborate discussion of the experimen-
tal details and measurement of the instantaneous crack
tip position can be found in Shang (2013). Mode-I
energy release ratewas calculated usingmodified beam
theory,

G = α1

α2

3Pδ

2ba
(5)

where P is the applied force, δ is the cross-head dis-
placement, a is the instantaneous crack length, mea-

sured from the loading pin center to the current crack
tip position, and b is the sample width, as indicated
on Fig 2. The coefficients, α1 and α2 are dimension-
less correction coefficients for finite displacement and
changeof the effective sample stiffness (William1989).

Three DCB tests were performed for each class of
contaminants. A representative set of force-displace-
ment curves obtained from testing of reference (unex-
posed), HF-1, HF-3, and F-44 contaminated samples
are presented in Fig. 5a, along with the FEM results
(dotted line, discussed in Sect. 6.2). The slight change
in the initial loading stiffness arises from thedifferences
in the initial crack length, a0, being determined after
an initial loading/unloading cycle to sharpen the manu-
factured interfacial crack-tip. The uncontaminated ref-
erence case has shown extended nonlinearity on the
force-displacement curve (about one fourth of the load-
ing level) before the start of the crack propagation. To
the contrary, all contaminated cases have shown a lin-
ear increase up to the onset of crack propagation. This
is the first evidence of the plasticity shielding within
the bond line. Upon reaching the maximum load carry-
ing capacity of the joint, a progressive drop in the load
is observed as a function of successive crack propa-
gation. The associated zig-zag pattern is attributed to
the intermittent propagation and arrest of the interfa-
cial crack or relaxation of the fracture energy, followed
by a buildup of the fracture driving forces. The corre-
sponding derivedmode-I energy release rate curves and
the corresponding FEM results are presented in Fig. 5b,
and clearly show the arrest and propagation of the crack
for the reference case. However, the crack propagation
is quite steady for the contaminated cases. This could
be attributed to the absence of the plastic process zone
within the bond line. In addition, it could be argued that
propagation and arrest of the crack in the reference case
is due to the reestablishment and collapse of the plastic
process zone, within the bond line.

Figure 6 summarizes the experimentally measured
average steady state levels of energy resale rate curves.
All contaminant cases show significant reduction of the
adhesive fracture toughness. The different hydraulic
fluid contaminants show a drop of about 4–6 times
the reference value. The mold release agent contam-
inants show more than an order of magnitude drop in
the fracture toughness. For the reference case, the opti-
cal image insert shows a mixed failure mode between
the adhesive and adherend, exposing the fibers within
the adhesive layer. All other contaminant cases at the
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Utilization of nanoindentation to examine bond line integrity 107

Fig. 5 a Force-displacement curves and b derived fracture energy release rate curves, obtained from DCB experiments, along with the
numerical results (dashed lines) for the examined cases

Fig. 6 Summary of effective fracture toughness measurements
for the examined cases at the same level of contamination con-
centration (55µg/cm2), highlighting the severe chemical degra-
dation of the adhesive strength, insets show optical images of the
fracture surfaces of the reference (uncontaminated) and HF-1
contaminated cases

reported level of contamination show adhesive failure
mode.

TheDCB fracture toughness results show some con-
sistency with the hardness measurements as an overall
trend of Fig. 4. For example, the mold release agent
contaminants show increased hardness compared to
the hydraulic fluid contaminants. Thus they should

Fig. 7 Correlation between experimentally measured effective
bond line fracture toughness and bond line indentation hardness.
All results are normalized by those of HF-1 contaminated case

have lower level of fracture toughness compared to
the reference and the hydraulic fluid contaminants. The
hydraulic fluid contaminants show a drop in their hard-
ness on Fig 4, which should have been manifested as
an increase in the fracture toughness. To the contrary,
the group of the hydraulic fluid contaminants shows
drop in their fracture toughness compared to the ref-
erence case. Though, they are 2–5 times higher than
themold release agent contaminants fracture toughness
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level. Additionally, the fracture toughness changes rel-
ative to each other in the same trend noted in Fig. 4,
though not with the same magnitude.

Figure 7 presents a summary of the experimental
measurements to explore the relation between�e f f and
H . The values of HF-1 are utilized for normalization. A
clear correlation can be identified among the contami-
nated cases, showing a strong influence of the hardness
(or yield strength) on the measured bond line tough-
ness. Additionally, �e f f for the reference is at least an
order of magnitude above this correlation. Such dis-
crepancies can be understood in view of Eq. 3, wherein
�e f f depends on both �0 and σy . This set of measure-
ments might suggest that�0 is almost of the same order
for all contaminated cases, but very different for the ref-
erence case. Accordingly, an experimental correlation
of the type �e f f ∼ Hm can be identified for the conta-
minated cases, such that

�e f f

�̄e f f
= λ

(
H

H̄

)m

. (6)

Here �̄e f f and H̄ are the properties of a reference
state, which could be one of the contaminated cases but
having a similar order of magnitude for the cohesive
properties. For the examined adhesive-adherend sys-
tem and the diverse range of contaminants, λ ≈ 0.95
and m ≈ −6.25. This correlation will be further
explored through numerical modeling, discussed next.

6 Numerical modeling

6.1 Computational model

Incorporating surface-based cohesive elements in FEM
is one of the widely employed approaches to simulate
the failure of adhesively bonded structures (da Silva
andCampilho 2012). A bilinear traction-separation law
(Geubelle and Baylor 1998) is employed to model
the bond line failure, Fig. 8. It is composed of lin-
ear elastic deformation, followed by a linear soften-
ing domain representing the progression of crack sur-
face displacement till full separation. For Mode I load-
ing, the initial cohesive surface tractions, tn is related
to the separation displacement, δn through an initial
stiffness, Knn ≈ β (E/h)adhesive taken to be propor-
tional to the ratio between the modulus and the thick-
ness of the adhesive layer. Here β is a constant much
larger than unity, and is recommended to be around

Fig. 8 The utilized bilinear traction-separation law, showing
self-similar scaling approach to model degradation

β ≈ 50 (Turon et al. 2007). Accordingly, the cohe-
sive surface will undergo linear elastic deformation
until it reaches the critical traction σ̂ . Thereafter, a lin-
ear softening will commence until reaching the crit-
ical separation δ̂n . Since DCB test is a pure mode-I
fracture testing, a maximum nominal traction criterion(
tn ≥ σ̂ ; σ̂ critical normal traction

)
is employed to ini-

tiate the damage. Complete surface separation com-
mences when mode-I driving fracture forces reaches
critical value (� → �0), wherein �0 is the area under
the traction sepration curve.

Numerical simulations were performed using the
commercial FEM package SIMULIA Abaqus 6.12-2.
DCB sample geometry was modeled using 2-D 4-node
quadrilateral linear plane strain elements (CPE4). A
single layer of cohesive surfaces was introduced at one
of the adhesive-adherend interfaces to simulate inter-
facial crack propagation, whereas the other one was
assumed to be perfectly bonded. Mesh was refined
in front of the crack tip along the cohesive interface.
Refined element length 10µmwas used so that at least
three elements exist within the CZ (Turon et al. 2007).
The adhesive layer was 400µm thick, with uniform
square elements. The model was loaded to the corre-
sponding crack root opening displacement, reached in
the experiment.

Adherend composite panels were effectively mod-
eled as an isotropic elastic material, whereas the adhe-
sive layer was modeled as an isotropic elastic-plastic
material. The effective flexural stiffness of the adherend
material was derived from four point bend test accord-
ing to ASTMD7264/D7264M-15 (2015) and was esti-
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Utilization of nanoindentation to examine bond line integrity 109

Table 2 Calibrated CZ
parameters and measured
yield strength for the
reference and all
contamination cases

Reference HF-3 HF-2 HF-1 F-700 F-44

Knn(N/mm3) 3 106 3 106 3 106 3 106 3 106 3 106

σ̂ (MPa) 135 76 55 50 44 40

�0(J/m2) 250 80 41 34 27 21

σy(MPa) 69 61 62 66 72 74

mated to be E = 64GPa, ν = 0.3. The mechanical
properties of the adhesive were E = 4.3GPa, σy =
69MPa, ν = 0.43 (Guess et al. 1995), with modest
hardening exponent of n = 1/N ≈ 6.2 according to
Ramberg-Osgood model (1943). The hardening expo-
nent was evaluated by the ratio, work/complementary
work for the range of interest (up to 3.5% strain) of the
stress-strain curve of the adhesive material, reported
by Guess et al. (1995). The two parameters �0 and σ̂

of the bilinear traction-separation law were calibrated
by matching the peak force of the experimentally mea-
sured force-displacement curve (Li et al. 2005). Then,
�0 was varied by scaling the linear softening domain
while keeping its slope constant so that the traction-
separation law remains self-similar as shown in Fig. 8.
Such variability can impose the scalability between
interfacial fracture toughness and interfacial cohesive
strength, such that �0 ∼ σ̂ 2. While other scaling could
have been implemented, however scaling both σ̂ and
δ̂n to keep the self similarity of the traction-separtaion
law resulted in the best match of the experimentally
measured maximum force for all DCB tests under dif-
ferent contamination conditions. The resulting energy
release rate, calculated on a contour enclosing the crack
tip, was compared to the effective fracture toughness,
�e f f evaluated from the experiment as shown on Fig. 5
for reference and all contamined cases. For the refer-
ence case, �e f f was almost three times �0 due to the
large level of plasticworkwithin the bond line. The typ-
ical discrepancies between the predicted and measured
values of �e f f were within few percent.

6.2 Comparison with experiment

The numerical simulation was utilized to understand
the observed trend of the DCB measured fracture
toughness and contrast with the corresponding nanoin-
dentationmeasurements for σy and E . The correspond-
ing �0 and σ̂ were varied to match the experimen-
tally measured force-displacement, Fig. 5a, and energy
release rate-crack extension, Fig. 5b, curves. Summary

Fig. 9 Summary of the numerical results for �e f f with sets of
�0 and σ̂ , mapping the experimental cases

of the utilized CZ parameters are reported in Table 2,
along with the experimentally measured σy for the
examined cases. It should be noted that, Qualitatively,
the numerical simulations reporduced the experime-
nataly mesured trends in terms of matching maximum
failure load and the steady-state energy release rate val-
ues. Though the numerical prediction did not exhibit
the intermittent propagation and arrest of the interfa-
cial crack. To capture such effect, the analysis must
account for the inertial effects as well as the stochastic
distribution of defects, which are beyond the scope of
the current study.

Figure 9 provides a numerically derived map for the
role of different cohesive properties on the interfacial
fracture toughness of the bond line. There is about three
fold or more drops in �0 for the contaminated cases,
compared to the reference state. �0 also exhibited the
same order ofmagnitude for the range of contaminants.
With the progressive drop in �0, the amount of plastic
work that could be dissipated within the adhesive layer
is progressively deteriorating as well, rendering �e f f

reaching �0. Additionally, σ̂ started to reach σy and
for the range of comparison it droped below σy for

123



110 D. Yavas et al.

Fig. 10 Summary of numerical study showing the interplay
between the cohesive parameters and the bond line yield strength
on the effective fracture toughness. The experimental data (filled
symbols) transcends across multiple groups of interface proper-
ties. All results are normalized by those of HF-1 contaminated
case

some of the contaminants. Accordingly the interface
would decoher before the bond line reaches the state of
plastic work dissipation. In other words, degradation
of the critical cohesive traction due to contamination
shields the plasticity within the adhesive material.

Figure 10 summarizes the parametric numerical
study to show the interplay between the interface frac-
ture properties, and the role of the interface ductility on
�e f f . The properties of HF-1 contamination are used
for normalization. The computational trend shows that
for constant cohesive properties, the flow stress or the
hardness of the adhesive has a very limited effect on
�e f f . However, it can be seen that the experimental
data set transcend across multiple groups of different
interface properties, and thereby themeasured hardness
exhibits stronger effect on �e f f . These results support
Eq. 3 and 4 that �e f f is influenced by both �0 and σy .

7 Numerically augmented experimentally derived
scaling

The experimentally measured �e f f and σy along with
the numerically derived interface properties (�0 and σ̂ )
are presented in Fig. 11 in a dimensionless correlation
of�e f f /�0 with σ̂ /σy , similar to that shown by TH and
presented in Fig. 1. Despite that these four quantities

Fig. 11 Correlation between the ratio of effective fracture tough-
ness to calibrated interfacial cohesive toughness and the ratio of
interfacial cohesive strength to yield strength for �e f f and σy
measured experimentally, while�0 and σ̂ calibrated numerically
on logarithmic scale

are derived from two independent tests and numerical
simulation fitting the macroscopic response, a “weak”
scaling could be observed between these two ratios
of interface toughness vs. interface strength for the
extended range of the examined contaminants. While
TH have shown the ratio �e f f /�0 to be of order unity
for this range of σ̂ /σy , the current simulation show this
ratio to be in the order 2.5-3. With such weak scal-
ing (m ≈ 0.08), an experimental procedure might be
suggested for evaluating the intrinsic interface fracture
properties as a result of exposure to environmental con-
tamination. Though additional experimental data sets
are required to set the statistical limits of such correla-
tion.

To this end, there is a subtle difference between
the experiments and the numerical simulation. The
experimental data in Fig. 7 suggested a strong cor-
relation between �e f f and σy in the form of Eq. 6.
However, the numerical results of Fig. 10 suggest a
weak correlation between these two quantities for con-
stant cohesive parameters. Though Fig. 9 and Eq. 4
suggest a scaling between �0 and Wp for the exam-
ined adherened-adhesive system and for the explored
domain of experiment. Physically, �0 should be con-
trolled by the chemical interaction between the adhe-
sive layer and the contaminants. Though this correla-
tion implies the possibility of �0 scaling with H . Fig-
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ure 12 explores such prospective correlation between
the experimentally measured hardness and the numer-
ically calculated interfacial work of adhesion �0, nor-
malizedwith the properties ofHF-1 contaminated case.
A strong correlation could be identified, clearly show-
ing the effect of contamination on deteriorating the
interface properties. Such correlation could be ratio-
nalized in a power law correlation such that,
�0

�̄0
= λ

(
H

H̄

)m

. (7)

Here �̄0 and H̄ are the properties of a reference state,
which could be one of the contaminated cases but
having a similar order of magnitude for the cohesive
properties. For the examined adhesive-adherend sys-
tem and the diverse range of contaminants, λ ≈ 1.13
and m ≈ −4.8.

The implication of Eq. 7 is far reaching as it cor-
relates the macroscopically measured hardness to the
intrinsic state of cohesion, �0. Accordingly, the corre-
lations represented by Eqs. 6 and 7 provide a method-
ology to estimate both the macroscopic (�e f f ) and
microscopic (�0) characteristics of interface fracture
for a contaminated case, through the bond line hard-
ness measurement and the knowledge of the fracture
properties for other cases of the same material system
and bond line geometry (h/R0 > 4).

These two correlations have far reaching signifi-
cance for inspection of adhesively bonded joints. They
could be used for comparative study to map the role
of contamination on the effective fracture toughness
of bonded joints. Though, it should be noted that the
correlation between H and �0 is material dependent
and is governed by the details of chemical effects of
the contaminants on the molecular binding energy of
individual polymers. Accordingly, similar correlations
have to be derived for other adhesive-adhered mater-
ial systems. Moreover, the interface topology and geo-
metric roughness have a major role in changing the
effective fracture toughness of the bond line (Bossi
et al. 2005). Thus, it is essential to maintain geometric
similarity between adhesive surfaces and their prepa-
ration methods in order to generalize the proposed
correlations.

8 Conclusion

The presented study showed the potential of nanoin-
dentation technique to predict the bond line fracture

Fig. 12 Correlation between the numerically calibrated interfa-
cial cohesive toughness and the experimentally measured hard-
ness. All results are normalized by those of HF-1 contaminated
case

toughness by monitoring changes in the measurable
mechanical properties of the adhesive material due to
contamination. All examined contamination cases have
shown marked macroscopic deterioration of the effec-
tive fracture toughness of interface, by limiting the
energy dissipation through plastic deformation within
the bond line. The combined experimental and simu-
lation results suggest a scaling for both the effective
fracture toughness and the interfacial cohesive fracture
toughness, with the measured hardness of the adhesive
layer. The proposed scaling law utilizes mechanical
properties of the adhesive layer to elucidate the trends
of the macroscopic fracture toughness for a common
adhesive-adherend system in aerospace industry under
different environmental exposures. The proposed scal-
ing law has the potential to facilitate the nanoinden-
tation technique for inspection of adhesively bonded
joints for a wide range of material system. It could be
utilized to provide a comparative map of the role of
contamination on the effective fracture toughness of
bonded joints.
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