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a b s t r a c t

Polyurea coatings on steel form tough, flexible and chemically resistant surfaces, making
them ideal for a variety of applications. An important issue for polyurea coatings in some
cases is their adhesion to steel under various loading conditions in aggressive environ-
ments. In this paper, adhesion was examined using steel/polyurea/steel sandwich speci-
mens and interfacial fracture mechanics. The mode 1 and mode 2 interfacial fracture
behaviors were characterized by two independent traction–separation laws. The trac-
tion–separation laws were measured directly by recording the J-integral and the end-open-
ing displacement in the directions normal and tangential to the steel/polyurea interface. In
each case, the traction was initially nonzero, increased with increasing separation, reached
its peak value and then decreased with further increasing opening. Strong rate-dependent
effects were found for both modes of fracture and were attributed to the interfacial behav-
ior. Porosity introduced during the processing of the polyurea affected the traction–sepa-
ration laws and associated fracture mechanisms.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Polyurea-based coatings are usually two-component systems that are made up of an isocyanate and a resin blend con-
sisting of only amine terminated components. Polyurea coatings offer unique advantages in both manufacturing (they can
be sprayed on and cure rapidly even at freezing temperatures) and properties (high deformability, high abrasive resistance,
insensitivity to solvents, and low or zero volatile organic compounds) (Takas, 2004). These features are superior to most, if
not all the other coatings currently available, which has allowed polyurea coatings to grow rapidly in a variety of applica-
tions. A critical issue for the reliability of polyurea coatings is their adhesion to substrates. However, to the best of our knowl-
edge, very little, if any, data have been obtained for the adhesion of polyurea coatings, particularly in the form of traction–
separation laws.

A practical approach for characterizing the adhesion of polymer coatings to metal substrates is to use sandwich speci-
mens, which can be analyzed using interfacial linear elastic fracture mechanics (LEFM) concepts (Hutchinson and Suo,
1992). However, there can be limitations to the use of LEFM in sandwich structures. The first is that the assumed stress fields
are not rigorously correct, for example, in the case of large-scale plasticity or in the case of very thin layers where the K-dom-
inant field cannot develop (Wang, 1983). The second is that some joints may not have macroscopic defects large enough to
be considered cracks for the purpose of fracture mechanics (Li et al., 2005b). These issues can compromise the utility of LEFM
and alternative approaches must be sought. Cohesive zone modeling is one such approach. The key concept of cohesive zone
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modeling is that the failure process zone can be described by a traction–separation law; more specifically, the cohesive trac-
tion, r(d), can vary along the failure process zone, but only depends on the local opening, d.

Cohesive zone models are built upon the concepts first discussed by Dugdale (1960) and Barenblatt (1962). The key is the
introduction of a second fracture parameter, e.g., the cohesive strength, in addition to the fracture toughness. This cohesive
strength relates the toughness to the critical crack-tip opening required for crack propagation. Recently cohesive zone mod-
eling has been applied to solve interfacial fracture problems. Needleman (1987) and Needleman (1990) proposed a cohesive
zone model for analyzing void nucleation, growth and coalescence. In this model, the plane of the crack is held by a spring-
like entity possessing a built-in traction–separation law. Extension of this model to analyzing interface debonding under
mixed-mode conditions was provided by Tvergaard and Hutchinson (1993, 1994). In their analyses, fracture occurs when
the normal and the tangential displacement at the tip of the cohesive zone fulfill a critical vectorial crack opening displace-
ment (Liechti and Knauss, 1982). More recently, Yang and Thouless (2001) proposed a modified criterion for mixed-mode
interfacial fracture, in which fracture occurs when the mode 1 and mode 2 energy release rates for the cohesive zone reach
a critical value. Nevertheless, in both criteria, with independently characterized mode 1 and mode 2 traction–separation
laws available, mixed-mode problems with a range of fracture mode-mixes can be fully solved.

Cohesive zone modeling has been used to examine a wide spectrum of interface problems, such as glass/epoxy interfacial
fracture and adhesion (Swadener and Liechti, 1998), delamination in stitched composites (Massabo et al., 1998), plastic dis-
sipation in thin debonding films (Shirani and Liechti, 1998), crack nucleation at bi-material corners (Mohammed and Liechti,
2000) and peeling (Kim and Aravas, 1988; Yang et al., 2000; Kinloch et al., 1994; Wei and Hutchinson, 1998). However, these
models did not consider rate dependence in interface properties. Recently, rate-dependent traction–separation laws were
measured for quasi-static debonding at polyurethane/steel (Sorensen, 2002) and rubber/steel (Liechti and Wu, 2001) inter-
faces. In addition, rate-dependent traction–separation laws have been determined for homogeneous polymeric materials
(Ivankovic et al., 2004; Landis et al., 2000) considering the time-dependence of the damage growth processes and the non-
linear viscoelastic response of ligaments in the fracture process zone.

Most approaches for measuring traction–separation laws rely on iterative comparisons between measured properties
[e.g., an R-curve (Flinn et al., 1993), a crack opening profile (Cox and Marshall, 1991; Mello and Liechti, 2006) or a load–dis-
placement curve (Li et al., 2005a)] with predictions based on assumed traction–separation laws. Two methods that yield the
traction–separation law directly from experiments without such comparison are available. One is through direct tension or
shear experiments (Cotterell and Mai, 1996; Pandya and Williams, 2000). However, in these experiments, the damage evo-
lution across the width of the specimen must be uniform, which is usually difficult to achieve. In the second approach, the
cohesive law is derived from simultaneous measurements of the J-integral and the end-opening (both normal and shear) of
the cohesive zone. This has been successfully employed in the extraction of traction–separation laws for cementitious com-
ponents (Li et al., 1987), adhesive bonds (Sorensen, 2002) and fiber-reinforced composites (Sorensen and Jacobsen, 2003).
Both direct methods will be employed in the present work, although the focus is on the second one.

The main objective of the present paper is to obtain the traction–separation laws of a polyurea/steel interface in mode 1
and mode 2 directly from experiments using sandwich specimens. We begin by describing the experimental methods that
were used for characterizing the mechanical behavior of polyurea and fracture at polyurea/steel interfaces. Next, we report
on the tensile and shear behaviors of bulk polyurea prior to the experimental identification of mode 1 and mode 2 traction–
separation laws for polyurea/steel interfaces at different loading rates. The paper closes with a discussion of the rate depen-
dence of polyurea/steel interfaces and the effects of the manufacturing process on the interfacial failure mechanisms.

2. Experimental

The uniaxial tension and shear properties of bulk polyurea were measured in unconfined and sandwich configurations.
The latter were also used in the fracture experiments in modes 1 and 2 for determining the traction–separation laws for
the polyurea/steel interface. In this section, specimens and experimental procedures for all these experiments are described.

2.1. Specimen preparation

The specimens for measuring the unconfined tensile behavior of the polyurea were obtained from thin films. In this case,
the polyurea fluid was sprayed on top of a Teflon block to form a thin film with thickness of 0.7 ± 0.1 mm. After the film was
peeled from the Teflon block, tensile coupons were cut from the film using a stamp that produced the geometry shown in
Fig. 1(a) with l = 50.4 mm and w = 2.1 mm.

The specimens for unconfined shear testing of the polyurea were cut from a thick block. The polyurea block was sprayed
in a mold with Teflon bottom and sidewalls. The butterfly-shaped specimens were loaded using the Arcan apparatus (Popelar
and Liechti, 1997; Arcan et al., 1978), as shown in Fig. 1(b). The gauge length l, width w and thickness B of the specimens
were 16.1, 10.2, and 2.5 mm, respectively.

Steel/polyurea/steel sandwiches were used for examining the confined stress–strain response in tension and shear and
determining the mode 1 and 2 traction–separation laws. The specimens were processed as follows: cold rolled steel adher-
ends (Westbrook Metals, Austin, TX) were sandblasted and degreased with acetone prior to spraying. The polyurea formu-
lation was developed by Texas Research International, Inc. (Austin, TX). The polyurea fluid, coming from two separate
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reservoirs of resin and hardener, were combined in a single jet and sprayed on top of two steel plates that were 150 mm
square by 4.76 mm thick. Immediately after the spraying was completed, the plates were joined and held together by four
strong clamps at the corners. This process had to be accomplished within 10 s, the approximate reaction time. The adhesive
thickness was basically controlled by the clamp pressure which gave rise to a uniform polyurea thickness of 0.7 ± 0.05 mm
throughout the entire sandwich. The sandwich plates were left for at least 10 days for hardening at room temperature in an
ambient environment before being subsequently machined into specimens.

2.2. Test methods

The test method for the uniaxial tension experiments was quite standard. Details of the apparatus and experimental pro-
cedures for Arcan testing in unconfined shear using the butterfly specimens have been given elsewhere (Popelar and Liechti,
1997; Arcan et al., 1978).

The double cantilever beam (DCB) configuration was used to determine the mode 1 traction–separation laws. The spec-
imen geometry and the loading are shown in Fig. 2(a). A preexisting crack in the middle of the polyurea layer was cut using a
sharp razor blade. It turned out that the fracture process zone in these experiments was large (Parmigiani and Thouless,
2007). Consequently, it was necessary to include (Högberg et al., 2007) the contribution of the rotation near the crack front
to the J-integral through

J ¼ 12
ðpaÞ2

Eh3 þ Pðw01 �w02Þ: ð1Þ

where P is the applied load per unit width, a is the crack length, h is the adherend thickness, and E is the elastic modulus of
the steel adherends, and w01 and w02 are, respectively, the rotations of the upper and lower adherends at the crack tip.

The J-integral approach can be applied if the materials possess an elastic stress–strain behavior. This was the case for steel
adherends which were loaded below their yield strength (�500 MPa). The polyurea is an elastomer, which was considered to
be a nonlinear elastic material. Evaluating J-integral along a path just outside of the failure process zone yields

Fig. 1. (a) Tensile coupon for bulk polyurea, with a length of 50.8 mm, a width of 2.1 mm and a thickness of 0.7 mm. (b) Butterfly-shaped shear specimens
for bulk polyurea, with a gauge length of 16.1 mm, a width of 10.2 mm and a thickness of 2.5 mm loaded in an Arcan apparatus.
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J ¼
Z ~dn

0
rðdnÞddn; ð2Þ

where dn and ~dn are the normal opening and the normal end-opening of the cohesive zone, respectively, and r is the normal
traction. J reaches a steady-state value, JSS, when ~dn attains dnc, the critical normal end-opening. The entire failure process
zone is described by the cohesive law. Due to its path independence, the J-integral in Eq. (2) is equal to that obtained by
Eq. (1). The normal end-opening ~dn can be recorded in digital images, thus differentiation of Eq. (2) with respect to ~dn gives

rð~dnÞ ¼
oJ

o~dn

: ð3Þ

Thus, the mode 1 traction–separation law can be obtained by simultaneously measuring the J-integral and the normal end-
opening ~dn.

For mode 2 fracture, two configurations were considered: end-notched flexure (ENF) and modified Arcan. The ENF exper-
iments were performed in a three-point bending configuration. The specimen geometry and the load introduction for ENF
are shown in Fig. 2(b). The J-integral is given by Leffler et al. (2007)

J � 9
16
ðPaÞ2

Eh3 þ
3
8

Pv0

h
; ð4Þ

where P is the applied load per unit width, a is the crack length, h is the adherend thickness, and E is the elastic modulus of
the steel adherends, and v0 is the shear displacement between the top and bottom adherend/polyurea interfaces at the crack
tip. Similar to mode 1 fracture, evaluating J-integral along a path just outside of the failure process zone yields

J ¼
Z ~dt

0
sðdtÞddt ; ð5Þ

where dt and ~dt are the tangential opening and the tangential end-opening of the cohesive zone, respectively, and s is the
tangential traction. Differentiation of Eq. (5) with respect to ~dt gives

sð~dtÞ ¼
oJ

o~dt

: ð6Þ

However, the ENF configuration can sometimes cause compression of and friction on the crack faces (Carlsson et al.,
1986). This problem was quite severe for our case, as will be shown in detail later. Although some methods to reduce the
frictional effects have been proposed, such as incorporation of a small steel wire as a spacer between the adherends (Li
et al., 2006), the improvement remains unclear. As a result, a modified Arcan shear mode testing technique (Banks-Sills
and Sherman, 1991) was considered here as an alternative.
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Fig. 2. Schematics of (a) the DCB test configuration and specimen (L = 75 mm, B = 10 mm, and a ranges from 25 to 70 mm) and (b) the ENF test
configuration and specimen (L = 75 mm, B = 10 mm, and a ranges from 15 to 30 mm). For both configurations h = 4.76 mm and t = 0.7 mm.
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The loading apparatus and the specimen geometry for the modified Arcan are shown in Fig. 3. A circular grip plate with a
square window in the center was cut into half along the diameter. A sandwich specimen was screwed into couplings which
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Fig. 3. The grips and specimen for the modified Arcan test for shear fracture, including (a) the circular grips, (b) the couplings with specimen attached, and
(c) an optical image of the entire setup. All dimensions are in millimeters.
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were attached to the two semi-circular grip plates. Schematics of the circular grip plate and the loading coupling with the
specimen, and an optical image of the entire setup are shown in Fig. 3(a), (b), and (c), respectively. The J-integral for the mod-
ified Arcan specimen is given (Banks-Sills and Sherman, 1991) by

J � g
A

Bb
; ð7Þ

where g is a constant, A is the area under the load–displacement curve, B is the specimen out-of-plane width, and b is the
length of the uncracked ligament. Note that here A is the area under the load–local displacement curve, where the local dis-
placement is the shear displacement across the adhesive layer. Using finite element analysis, it was determined that g = 0.9
for homogenous aluminum specimens. This value was also used in our study, again considering the path independence of the
J-integral for the sandwich configuration. Similarly, the shear traction–separation law was then obtained by recording the J-
integral and the shear displacement simultaneously.

The confined tensile and shear experiments also made use of the modified Arcan apparatus just described. The specimens
were identical to those used in the mode 2 fracture experiments except that they did not have any cracks. For confined ten-
sion, the polyurea/steel interface was perpendicular to the loading direction whereas, for confined shear, the angle was zero.

2.3. Test procedures

All the experiments were conducted at room temperature using a servo hydraulic materials testing system under con-
stant crosshead speed. In all the fracture experiments the end-opening of the cohesive zone was monitored by a CCD camera
in real time, which was synchronized with the acquisition of load and displacement data, as shown in Fig. 4. The image res-
olution is 2 lm (corresponding to half pixel in each image). This real-time monitoring scheme can record the entire time and
spatial history of the evolution of fracture, e.g., crack blunting, initiation of separation, and crack propagation. Correlation
between the recorded fracture events and the load–displacement data provides a means for quantitative understanding
of the fracture process. Another advantage of CCD imaging is that it records the exact end-opening of the cohesive zone.
The opening comprises both bulk deformation of the adhesive layer and the separation across the cohesive zone. In other
methods where, for example, extensometers are used (Sorensen, 2002), the measured end-opening includes part of the
adherend deformation although this deformation is often assumed to be small.

In addition, CCD imaging was required for accurate measurements of displacement and strain in both the original and
modified Arcan experiments. The displacement imposed on the specimen is not equal to the crosshead displacement,
due to machine and grip compliance. With the CCD imaging, the local displacement and thus strain can be directly ob-
tained. Both the displacements measured from CCD imaging and the crosshead movement are plotted in Fig. 5 for two
cases: confined tension and confined shear on the sandwich specimens, respectively. As can be seen, the strain deter-
mined from the crosshead displacement is inaccurate especially at the beginning of the experiment when the displace-
ments are small. The differences were particularly noticeable under tensile loading and reliance on crosshead
displacements would clearly lead to low measurements of moduli. It should be noted that all the image analyses were
conducted after the experiment.

 

Analog/Digital 
Converter 

CCD
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Processor

Synchronized
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Fig. 4. A schematic of the apparatus shows both data and image acquisition systems.

36 Y. Zhu et al. / International Journal of Solids and Structures 46 (2009) 31–51



Author's personal copy

3. Results

3.1. Uniaxial tension and shear behavior of polyurea

Polyurea specimens were characterized in uniaxial tension at three strain rates (0.001, 0.01, and 0.1 s�1). The specimens
exhibited (Fig. 6) rate-dependent, nonlinear stress–strain behavior. The initial moduli were slightly dependent on the strain
rate; by contrast, the stress level at which softening occurred was quite rate-dependent, increasing with increase in strain
rate. The initial modulus of the polyurea was 192 ± 10 MPa.

The nonlinear shear stress–shear strain behavior of polyurea at 0.001, 0.01, and 0.1 s�1 is shown in Fig. 7. All the speci-
mens were loaded to failure. Similar to the uniaxial response, the initial shear moduli were slightly dependent on the strain
rate; in contrast, the stress level at which softening occurred was quite rate-dependent. The initial shear modulus of the
polyurea was 36.5 ± 5 MPa. Note here the shear strain was determined from the CCD imaging. In fact using the crosshead
displacement led to an overestimate in the shear strain of 100% and thus a corresponding underestimate in the shear
modulus.

3.2. Tension and shear behavior of sandwich specimens

The tension and shear experiments on the sandwich specimens were conducted at nominal strain rates of 0.03 and 3 s�1.
In contrast to the monolithic specimens, the initial moduli depended on the loading rates for both tension and shear (Figs. 6
and 7). In tension, the added constraint in the sandwich specimens excites more of a bulk response, which should lessen,
rather than increase, the time dependence of the response of a viscoelastic material. However, the bulk polyurea was not

Fig. 5. Displacement measured from CCD images and crosshead displacement for (a) confined tension and (b) confined shear of polyurea/steel sandwiches.

Y. Zhu et al. / International Journal of Solids and Structures 46 (2009) 31–51 37



Author's personal copy

the only possible source of time dependence in the sandwich specimens: the polyurea/steel interface could also have been a
contributor, both in tension and shear, through an interphase region.

In the sandwich specimens under tension, the softening stress level occurred at 2 and 5.5 MPa, which was lower than the
values for the uniaxial tensile specimens, which ran from 6 to 9 MPa over the strain rates that were imposed. The strain rates
in the sandwich specimens ranged from 0.03 to 3 s�1, which means that neither the higher strain rates nor the higher con-
straint in the sandwich specimens raised the softening stress level. This again suggests that the stress–strain response of the
sandwich specimens in Fig. 6 is that of the interface and the lower knee stress levels are an indication of the onset of some
form of damage at the interface. This also explains the lower rate of increase in stress levels after the softening stress level
compared to the monolithic specimens. At both displacement rates, macroscopic debonding occurred at the maximum stress
levels, presumably due to the coalescence of damage.

Under shear, the softening stress levels for the sandwich specimens were lower than had been observed in the monolithic
specimens, particularly at the lower rate. This might again be taken as being due to the occurrence of debonding in the sand-
wich specimens. However, the rate of increase in stress after softening was the same in monolithic and sandwich specimens,
which suggests that debonding did not occur prior to the maximum stress.

3.3. Mode 1 fracture

The results of a typical experiment with the DCB specimens are shown in Fig. 8. The variation of the J-integral with the
normal end-opening displacement at a loading rate of 0.2 mm/s is shown first (Fig. 8(a)). The J-integral increased with
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increasing normal displacement, reaching a steady-state value, JSS. Three methods were employed for numerical differenti-
ation of J with respect to dn, including moving average, piecewise fitting and global fitting. They yielded very similar results.
Details of these methods are given in Appendix. For convenience of writing the traction–separation laws explicitly, the global
fitting method will be used in the rest of the paper. A cubic polynomial fit the J–dn response very well and then differenti-
ation with respect to dn provided the traction–separation law, as shown in Fig. 8(b). The error bars reflect estimates of the
errors involved in determining J, r and dn. The traction–separation laws shown later in the paper were all obtained as aver-
ages from 3–4 runs per specimen at different crack lengths.

The entire failure process of the specimen was recorded in accordance with the J-integral measurement. Fig. 9 shows sev-
eral representative photographs at progressive stages of deformation. Each subfigure corresponds to the stage numbers (?)
identified in the traction–separation law (Fig. 8(b)). The initial crack prior to loading r is shown in Fig. 9(a). The onset of
blunting s can be seen in Fig. 9(b) as the cohesive stress was increasing and small voids could be seen developing in the
cohesive zone. Further blunting can be seen (Fig. 9(c)) accompanied by void growth and the initiation of debonding at
the upper interface slightly ahead of the pre-crack, corresponding to stage t. Since this is a nominally mode 1 experiment,
interfacial debonding occurs when the stress normal to the interface r22 exceeds the bond strength. The bond strength is
equal to the peak cohesive stress r0. In Fig. 9(d), the crack blunting was severe. Although the crack opening was more pro-
nounced, it did not propagate. The existing voids grew further and more voids started to appear during stage u where the
cohesive stress was decreasing. The final stage v of the separation process corresponds to zero cohesive stress and the
growth of the interfacial crack, as shown in Fig. 9(e).

Specimens were tested at four loading rates and, for each rate, there was some specimen-to-specimen variation in the J–
dn curves, particularly at small and large openings. The variation at small openings might have been due to variations in the
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initial crack sharpness, or experimental error in displacement measurements. The variation at large opening displacements
might have been caused by variations in the failure process zone evolution as described later. Fig. 10(a) plots the average of
the fitted cubic polynomials for J–dn curves at each loading rate while the corresponding traction–separation laws appear in
Fig. 10(b). The effect of loading rate on the traction–separation law was pronounced. The peak cohesive stress was about
1.8 MPa for the slowest loading rate (0.002 mm/s) and about three times higher for the highest loading rate (5 mm/s). In
the meantime, dnc (critical end-opening displacement) decreased from about 2.4 mm to nearly 1 mm. Even though the

Fig. 9. The entire sequence of the failure process of a polyurea/steel sandwich specimen in opening mode fracture. The images correspond to the different
stages in the traction–separation law as shown in Fig. 8b.
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shapes of all the cohesive laws followed quadratic polynomials, the details were quite different for each loading rate. For the
slowest loading rate the cohesive stress rose to its peak at a fairly large crack opening (�1.1 mm); by contrast, for the highest
loading rate the cohesive stress rises rapidly to the peak stress.

The cohesive law at each loading rate can be expressed by a quadratic polynomial, similar to the polynomial cohesive law
proposed by Needleman (1987). It can be written as

rðdnÞ ¼ �
r0

ðdnc � dn0Þ2
ðd� dn0Þ2 þ r0; ð8Þ

where r0 is the peak cohesive stress, dnc is the critical end-opening displacement, and dn0 is the end-opening displacement at
which the cohesive stress reaches r0. The values of the parameters r0, dn0, and dnc for all the loading rates at mode 1 fracture
are given in Table 1.

3.4. Mode 2 fracture

The results from the ENF experiments are presented first. Fig. 11(a) is an image of a crack in an ENF specimen. Using dig-
ital image correlation (DIC), we found that, behind the crack tip, there was a compressive strain perpendicular to the inter-
face of about 5% (Fig. 11(b)), distributed quite evenly along the crack faces. This resulted in frictional loading of the crack
faces (Fig. 11(c)). In addition, the ENF specimen only provides a relatively small shear displacement that was not sufficient
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to heavily deform and damage the highly deformable polyurea. These issues motivated the consideration of the Arcan con-
figuration, which can provide large shear displacements.

A modified version (Popelar and Liechti, 2003) of the original Arcan configuration (Arcan et al., 1978) was considered
here. The J–dt curves and the shear traction–separation laws at three loading rates, are given in Fig. 12(a) and (b), respec-
tively. Similar to the mode 1 fracture experiments, J increased with increasing dt, reaching a steady-state value JSS. Here,
the J–dt curves could not be fitted well with a polynomial so a piecewise fitting algorithm was employed to obtain the trac-
tion–separation law. The entire crack initiation and propagation process was also recorded. Fig. 13 shows representative
images of different stages in the deformation of a specimen loaded at a nominal strain rate of 3 s�1. In Fig. 13, stage r shows

Table 1
Parameters for the quadratic traction–separation law equation (8) as a function of loading rate and mode

Rate (s�1) C1 (kJ/m2) r0 (MPa) dn0 (mm) dnc (mm) C2 (kJ/m2) s0 (MPa) dtc (mm)

0.003 6.69 3.95 ± 0.06 1.21 ± 0.02 2.36 ± 0.04 – – –
0.03 6.68 5.12 ± 0.15 0.92 ± 0.04 1.90 ± 0.08 8.29 2.72 ± 0.12 4.15 ± 0.15
0.3 7.08 6.45 ± 0.35 0.76 ± 0.05 1.56 ± 0.13 11.26 5.45 ± 0.25 3.18 ± 0.20
3.00 7.08 9.25 ± 0.60 0.41 ± 0.02 1.02 ± 0.05 13.44 6.97 ± 0.46 3.02 ± 0.16

Fig. 11. (a) The crack tip region in an ENF specimen the two red dots define a rectangular area that is analyzed using DIC and plotted in (b) and (c), (b) the
through-thickness compressive strain behind the crack front, and (c) the through-thickness frictional loading along the crack faces. The scale bars in (b) and
(c) show the strains in vertical and horizontal directions, respectively. (For interpretation of the references to colours in this figure legend, the reader is
referred to the web version of this paper).
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the initial crack prior to loading (corresponding to r in Fig. 12(b)). An intermediate stage s illustrates the onset of localized
stretching from the crack tip to the right interface as the cohesive stress increased. This can be seen as the region with ori-
ented texture emanating from slightly behind and extending ahead of the crack tip. Further stretching ahead of the crack tip
appears in stage t together with debonding along the interface in front of the crack tip corresponding to the peak cohesive
stress. At stage u, the polyurea around the crack tip was partially retracted due to the onset of the debonding, and the cohe-
sive stress decreased. The interfacial debonding resulted in unloading of the adjacent adhesive layer, and the debonding itself
propagated in a catastrophic manner. The peak shear stress s0 and the critical shear displacement dtc for all the loading rates
are given in Table 1.

The images in Fig. 13 suggest that the crack did not advance under shear stress; instead the interfacial debonding oc-
curred due to the normal component of the stretching exceeding the bond strength. The local strain field ahead of the crack
tip was therefore evaluated using DIC. The shear displacement fields and corresponding strains are presented at several load
levels. Fig. 14(a) and (b) provide contours of the displacement component parallel to the interfaces and engineering shear
strain, respectively. Concentration of the strain near the crack tip can be clearly identified. The shear strain profiles at three
load levels (Fig. 14(c)) along a line starting from the crack tip shows the concentrations near the crack tip and the decay to
the nominal values (dashed line) beyond approximately two layer thicknesses. At all load levels, the maximum shear strain
appeared to be nearly 1.5 times the uniform strain.

4. Discussion

In this section, we discuss the form and rate dependence of the traction–separation laws and how they may be related to
the time dependence of bulk polyurea and porosity.
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Fig. 13. The entire sequence of crack initiation in a sandwich specimen under shear loading. The images are in accordance with the different stages
identified in Fig. 12(b). A dashed vertical line in each subfigure is drawn to highlight evolution of the initial crack. Two solid horizontal lines moving with
the two adherends show the relative displacement between the adherends in order to illustrate the shear deformation in the polyurea. In u, two arrows on
the right side of the polyurea/steel interface mark the tips of an interfacial crack.

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 2 4
Position (x/t)

 
y 

x 

1 mm 

1 3 5

γ

0 v [pixel] 30.2
(pixel)

0 0.49
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4.1. Shape

The most striking feature of the traction–separation laws shown in Figs. 10 and 12 is the nonzero stress at zero crack
opening. This has been observed before by Sorensen (2002) who used the same method to determine the traction–separation
laws associated with adhesive joints consisting of polyurethane and steel. It has also been assumed in traction–separation
laws that have been extracted iteratively (Swadener and Liechti, 1998; Shirani and Liechti, 1998; Mello and Liechti, 2006). Jin
and Sun (2005) recently provided a theoretical basis for this feature, arguing that it is needed in order to remove the singu-
larity at the crack tip. At the same time, it seems unlikely that a real material would have a step increase in traction near zero
displacement, which then relates to questions about the resolution of the technique. The resolution of the displacement
technique was 2 lm, two orders of magnitude less than the scale interval in Fig. 8 and one order of magnitude better than
is needed for resolving modulus. However, the differentiation process to obtain the tractions can cause significant scatter in
data, as is shown in Fig. A1 of Appendix. Consequently, a polynomial fitting to the J-integral was employed, which provided a
smooth traction–separation law but might be smearing some details, especially in the initial stages of loading. Nonetheless,
all three techniques did point to a sharp increase in stress near zero displacement.

Jin and Sun further suggested that the maximum traction ranges from 1.15 to 2.5 times the yield strength of the material
for perfectly plastic to mildly strain hardening materials (hardening exponent of 0.2). For comparison, the ratios of the max-
imum tractions to the softening stress levels that were obtained in the present study are shown in Table 2. For mode 1 frac-
ture and uniaxial tension, the ratios were less than one. This simply suggests that, in tension, the interface is weaker than the
bulk material. Under shear, the ratios ranged from 1.23 to 2.45, which is in the range suggested by Jin and Sun. Interestingly,
the shear stress–strain behavior of the bulk polyurea was more like a metal than the tensile stress–strain behavior, which
exhibited the usual softening followed by stiffening behavior of polymers. The overall shapes of the traction–separation laws
changed with loading rate and fracture mode. Tvergaard and Hutchinson (1993) suggested that effect of the shape on the
fracture process was relatively unimportant. However, Gu (1995) found that the shape of bridging laws did affect crack
growth calculations in fiber-reinforced ceramics and Jacobsen and Sørensen (2001) made similar observations in mode I
intralaminar crack growth in fiber-reinforced polymers. A recent reexamination of this issue (Jin and Sun, 2005) suggests
that the shape governs the cohesive zone size and what was termed ‘‘the apparent energy release rate of LEFM”, a quantity
that approaches the cohesive energy density when crack extensions are significantly greater than the cohesive zone size.

4.2. Rate dependence

In Section 3.1, it was noted that, under uniaxial tension and shear, the polyurea exhibited slight rate dependence prior to
softening and considerably more thereafter. The response of the sandwich specimens was much more time dependent prior
to and following softening, which suggested that the interface was playing a role. The initial portion of the mode 1 and 2
traction–separation laws also exhibited significant levels of rate dependence. In view of the interfacial nature of the crack
growth in the specimens, this suggests that the traction separation laws are reflecting the time dependence of the interphase
region. In fact, if the tensile and shear response of the sandwich specimens is plotted alongside the corresponding traction–
separation law (Fig. 15), there is a remarkable resemblance between them further strengthening the argument that the trac-
tion–separation laws determined here represent the behavior of the interphase. In addition, the strain rates are amplified at
the interfacial crack fronts, which would bring the response of the polyurea further into the viscoelastic regime.

The area under the traction–separation law or the intrinsic toughness C is considered as a function of the nominal strain
rate in Fig. 16. The mode 1 toughness values were consistently lower than the mode 2 values and displayed very little depen-
dence. The mode 2 toughness was much more rate dependent; nearly double the mode 1 value at the highest rate. Although
mode 2 experiments were not conducted at the lowest rate (0.003 s�1), the trend of the data suggests that the mode 1 and 2
toughness values could be quite similar there. The greater influence of strain rate in shear is not surprising given the dila-
tational contribution to mode 1 and the shorter viscoelastic spectrum in the bulk relaxation modulus of the polyurea.

4.3. Failure mechanisms

As observed in Fig. 9, the initial cohesive crack did not propagate under mode 1 loading; rather an interfacial debond oc-
curred ahead of it despite the fact that the stress at the crack tip is higher than that at the debonding site. This indicates that
the interface was relatively weak compared to the cohesive strength of the polyurea. Similar observations were made for

Table 2
Comparison of softening stress with maximum traction levels

Softening stress Maximum traction Ratio

Rate (s�1) Tension rs (MPa) Shear ss (MPa) Rate (s�1) Normal r0 (MPa) Shear s0 (MPa) Normal r0/rs Shear s0/ss

0.001 6.39 2.37 0.003 3.95 2.92 0.62 1.23
0.01 7.69 2.53 0.03 5.12 5.72 0.67 2.26
0.1 9.01 2.86 0.3 6.45 7.01 0.72 2.45

3.00 9.25
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mode 2 fracture (Fig. 13). The initial crack did not propagate perpendicular to the direction of the maximum tangential
stress. Instead, the material between the crack tip and both interfaces stretched as can be seen from the texture that devel-
oped at roughly 45� to the original direction of the crack. Interfacial debonding occurred at the intersection of the texture and
either interface, either ahead of or slightly behind the original crack tip.

This failure mechanism for mode 2 fracture is quite different from observations in the literature (Chai and Chiang, 1996;
Shih et al., 1991). For a brittle adhesive, micro cracks opened up ahead of the initial crack and grew in the direction normal to
the maximum principal stress direction. For a ductile adhesive, a number of failure modes have been reported. If the initial
crack is at an interface: (1) the crack can propagate along the same interface; (2) a micro debond can occur on the other
interface ahead of the crack tip; (3) it can kink to the other interface and later form a micro debond on the initial interface
or (4) a void can nucleate in the adhesive layer ahead of the crack tip. If the initial crack is in the middle of the adhesive layer:
(1) it can kink to one interface and exhibit the behaviors just mentioned or (2) a void is nucleated in front the crack tip. In
view of the fact that the polyurea can be stretched for several hundred percent, the failure mechanism for polyurea/steel
interface belongs to the category of ductile failure.

For ductile adhesive joints under mode 1 loading, there are four fracture mechanisms: (1) near-tip void growth and coa-
lescence; (2) interfacial debonding near the crack tip; (3) cavitation induced by high triaxiality ahead of the crack tip; and (4)
interfacial debonding ahead of the crack tip. Schematics of these four mechanisms are sketched in Fig. 17. Fracture mecha-
nism 1 is commonly observed in the ductile fracture of homogeneous materials. When the crack tip blunts to an opening of
the order of the mean spacing between voids, the voids are wholly within the finite strain zone so that void-crack coales-
cence is imminent. Fracture mechanism 2 occurs when the near-tip stress normal to the interface r22 exceeds the bond
strength of the weak interface. Fracture mechanism 3 is due to cavitation at a distance of several adhesive layer thicknesses
ahead of the crack tip. The remote triaxiality develops when the interfacial bond is sufficiently strong to allow the ductile
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Fig. 17. Four typical fracture mechanisms in a ductile adhesive joint. (a) Near-tip void growth and coalescence; (b) interface debonding near the crack tip;
(c) high triaxiality cavitation ahead of the crack tip and subsequent coalescence; and (d) interface debonding ahead of the crack tip.
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layer to undergo substantial plastic deformation. Detailed analyses and comparison with experiments for each fracture
mechanism are beyond the scope of this paper. Interested readers can refer to the analyses for similar sandwiched systems
provided in Shih et al. (1991) for mechanism 2 and in Choi et al. (2001) and Varias et al. (1991) for the other three mech-
anisms. Mechanism 2 is the one that was observed in our experiments here. Our experimental results for mode 1 fracture
can be categorized as the second fracture mechanism. However, if significant levels of porosity are introduced in the adhe-
sive layer, the failure mechanism may be different, as is now discussed in the following section.

Fig. 19. Entire sequence of the failure process of a porous adhesive joint in opening mode fracture. The images are in accordance with the different stages in
the traction separation law as shown in Fig. 17 (loading rate 0.2 mm/s).
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4.4. Effects of the polymer porosity

The spray process that was used in forming the polyurea layer introduced a large number of voids (pores) in the material.
The volume fraction of the porosity and the distribution of pore sizes depend on the exact chemical formulation and condi-
tions of the spray process (such as temperature and humidity). In addition, because of the manner in which the sandwich
was constructed, there are more pores along the mating surfaces. In order to examine the effect of porosity, we conducted
the same fracture tests on another batch of sandwich specimens that consisted of more porous polyurea. We used density as
the parameter to characterize the porosity; the densities of the first and second batches were 639 ± 23 and 529 ± 7.9 kg/m3,
respectively.

The entire failure process of the second set of specimens was recorded in accordance with the J-integral procedures de-
scribed earlier. Fig. 18 shows the traction–separation laws that were obtained from this set of specimens at three different
loading rates. For the same loading rates, the cohesive strength was smaller than that of the first batch. Fig. 19 shows several
representative photographs at progressive stages of deformation for the loading rate of 0.2 mm/s. Fig. 19(a) corresponds to
the initial crack prior to loading r. Several pores along the mating surface are visible. The onset of blunting s can be seen in
Fig. 19(b) as the cohesive stress was increasing and the pores were developing in the cohesive zone. Further blunting can be
seen (Fig. 19(c)) accompanied by pore growth. This stage t corresponds to the peak cohesive stress. In Fig. 19(d), the crack
blunting was severe. The pores grew further in both directions normal and transverse to the load and the pore coalescence
started during stage u where the cohesive stress was decreasing. The final stage v of the pore coalescence process corre-
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sponds to zero cohesive stress and the growth of the interfacial crack, as shown in Fig. 19(e). This failure seems to be a com-
bination of the first and the third mechanisms depending on the stress field ahead of the crack tip and the initial void loca-
tions and sizes.

5. Conclusions

Mode 1 and mode 2 traction–separation laws have been obtained for polyurea/steel sandwich specimens. The cohesive
laws were obtained directly from experiments by differentiation of simultaneously measured data (the J-integral and the
end-opening displacement). Several important observations of the traction–separation laws and the associated interfacial
fracture features are summarized in the following.

(1) The traction–separation laws are highly nonlinear. In fact the mode 1 traction–separation law can be fitted well with a
quadratic polynomial.

(2) Both mode 1 and mode 2 traction–separation laws exhibited pronounced rate dependence. In both cases, the fracture
toughness and the peak cohesive stress increased with loading rate, while the critical opening displacement decreased
with loading rate.

(3) Both loading modes gave rise to interfacial debonding near the original cohesive crack-tip.
(4) The traction–separation laws obtained here represented the behavior of the interphase.
(5) Another batch of sandwich specimens consisting of polyurea with a higher degree of porosity was tested. The speci-

mens failed by near-tip void growth/coalescence and/or high triaxiality induced cavitation ahead of the crack tip.

Now that we have both mode 1 and mode 2 traction–separation laws, we can incorporate them into mixed-mode cohe-
sive models (Tvergaard and Hutchinson, 1993; Yang and Thouless, 2001) to predict the mixed-mode behavior of structures
involving polyurea/steel interfaces at different loading rates. However, it should be borne in mind that the nominal strain
rates across the adhesive layer examined in this paper only ranged from 0.003 to 3 s�1. The determination of traction–sep-
aration laws at higher loading rates, where inertia effects must be taken into account is currently underway.
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Appendix. The accuracy of the direct approach relies on the numerical differentiation of the J-integral with respect to the
end-opening displacement. Moving average, piecewise fitting and global fitting were considered and are briefly described
below. Fig. A1(a) shows a typical J integral vs. end-opening displacement response that served as the basis for the
examination.

A moving average filter smoothes data by replacing each data point with the average of the neighboring data points de-
fined within a given span. This process is equivalent to low-pass filtering with the response of the smoothing given by the
difference equation

ysðiÞ ¼
1

2nþ 1
½yði� nÞ þ yði� nþ 1Þ þ � � � þ yðiþ nÞ�;

where ys(i) is the smoothed value for the ith data point, n is the number of neighboring data points on either side of y(i), and
2n + 1 is the span. The end points are not smoothed because a span cannot be defined. After the J-integral data are smoothed,
direct differentiation is performed with respect to the end-opening displacement using a central difference scheme.

For piecewise fitting, consider a large number of sets of data for the J-integral and end-opening displacement. For data set
number i, a quadratic polynomial is fitted to the data sets ranging from (i � n) to (i � n), where n is as defined above. The
slope of the polynomial is the stress corresponding to the ith value of end-opening displacement. Since the first and last sev-
eral data points cannot be fitted with polynomial equations, stress values for these points are omitted.

The last method to be considered was global fitting. One cubic polynomial equation was able to fit the J–d data very well.
The slope of this polynomial equation yields the stress value for each end opening displacement. This method yielded the
most reasonable traction–separation law and was therefore adopted throughout the study.
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