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Interlaminar Fracture Characteristics of Bonding Concepts for
Thermoplastic Primary Structures

John C. Fish,* Marcia L. Vitlip,t and Stephen P. ChenJ
McDonnell Douglas Helicopter Company, Mesa, Arizona 85205

and
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The fracture characteristics of candidate bonding concepts for thermoplastic structures (APC-2) were evalu-
ated. The concepts covered a wide range of processing requirements (time and temperature). Structural
performance was evaluated in mode I and mode II static fracture tests using double cantilever beam and end
notched flexure specimens, respectively. The bonding materials included poly-ether-ether-ketone (PEEK) film,
poly-ether-imide (PEI) film, and a film adhesive (FM-300). Coconsolidating the APC-2 with PEI prior to
secondary bonding with PEI and film adhesive was also considered. Strain energy release rates for crack
initiation were calculated for both fracture modes. The PEEK film bond increased the G\c and G\\c initiation
values by 100 and 480%, respectively, over the baseline APC-2 laminates. Of the lower temperature bonding
concepts, the PEI bond with surface treatment (coconsolidation of PEI with APC-2) was found to provide the
best mode I performance (4.1 in.-lb/in.2), whereas the film adhesive bond with surface treatment provided the
best mode II performance (8.0 in.-lb/in.2). Although significant fracture toughness can be retained relative to
the composite material (APC-2), increased scatter, particularly in mode I fracture, is inherent in bonded
structures.

Nomenclature
a = effective crack length
b = specimen width
C = compliance
C0 = coefficient for compliance curve fit
GIC = mode I strain energy release rate
GUC = mode II strain energy release rate
h = specimen thickness
L = half the distance between outer loading points for

end notched flexure specimen
mi = slope of line for double cantilever beam compliance

calibration method
m2 = slope of line for double cantilever beam modified

compliance calibration method
ra3 = slope of line for end notched flexure compliance

calibration method
P = applied load
A = crack length axis intercept
<5 = displacement between load points

Introduction

M cDONNELL Douglas Helicopter Co. (MDHC) is devel-
oping thermoplastic primary structures for the next gen-

eration of helicopters. A thermoplastic stabilator design cur-
rently under development at MDHC is shown in Fig. 1.
Low-cost fabrication methods are utilized throughout the de-
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sign, and the number of major parts is reduced by 50%,
relative to the metal baseline.

One area of great potential for cost reduction is in the
joining of structural components, which can be bonded in one
operation using low-cost tooling. Secondary bonding concepts
at lower temperatures, which minimize tooling requirements,
may also be desirable. In addition, different bonding tech-
niques can be applied throughout the structure in an effort to
balance cost with performance.

The fracture performance of bonded joints is related to the
materials used, design of the structure, and loads on the
structure. The fracture of a skin-stiffener joint is illustrated in
Fig. 2. The loads and geometry of the structure create specific
contributions of mode I and mode II fracture parameters for
the joint. These are shown as mode I and mode II strain
energy release rates GI and Gn, respectively. The magnitudes
of the strain energy release rates define the structural perfor-
mance requirements for the joint. Thus, knowledge of the
fracture characteristics associated with selected bonding meth-
ods is essential to confidently and efficiently design thermo-
plastic primary structures.
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Fig. 1 Thermoplastic horizontal stabilator.
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Fracture Modes

Fig. 2 Fracture of skin-stiffener joint.
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Fig. 3 Thermoplastic bonding concepts.

A great deal of work has been conducted on characterizing
the fracture characteristics of APC-2 and adhesives. However,
little data (mode I only) exist on the fracture characteristics of
integrated thermoplastic-adhesive systems.1 This study evalu-
ates the fracture characteristics of candidate thermoplastic
bonding concepts in terms of both mode I and mode II strain
energy release rates. In addition, the reliability (scatter) associ-
ated with the fracture modes for each concept is addressed.

Bonding Concepts
Five different bonding concepts were evaluated for joining

unidirectional graphite thermoplastic laminates. The unidirec-
tional material was APC-2, a poly-ether-ether-ketone (PEEK)
thermoplastic reinforced with AS4 fibers. Two thermoplastic
film materials, PEEK and poly-ether-imide (PEI), and an
epoxy film adhesive (FA), FM-300, were used for bonding. In
addition, surface treatment (ST) of the APC-2 laminates (co-
consolidation with PEI film) was also considered prior to
bonding with the PEI film or film adhesive materials. The five
concepts along with the baseline APC-2 laminate are shown in
Fig. 3.

The baseline panels were manufactured from two precon-
solidated unidirectional APC-2 laminates, each of which was
16 plies thick. The two laminates were cured at 700°F and 10
psi for 30 min. For the PEEK film bonded panels, a layer of
PEEK (0.010 in. thick) was added between the 16-ply APC-2
laminates prior to consolidation. The PEI film (0.005 in.
thick) and film adhesive (0.010 in. thick) bonded panels were
cured under vacuum with the APC-2 laminates at 550°F for 30
min and at 350°F for 60 min, respectively. The surface treated
concepts were fabricated by consolidating PEI film along with
the 16-ply APC-2 laminates and then bonding with the PEI
film or film adhesive as previously described.

The nominal bondline thicknesses for the PEEK, PEI, and
film adhesive specimens were 0.006, 0.003, and 0.009 in.,
respectively. The PEI and film adhesive surface treatment
concepts resulted in bondline thicknesses of 0.003 and 0.011
in., respectively. These bondline thicknesses were a result of
employing the previously mentioned fabrication procedures
with readily available film thicknesses. No attempt was made

to establish optimum bondline thicknesses for the different
concepts and fracture modes, although this parameter has
been shown to play a role in the performance of adhesive
systems.2'3

Experiments
Specimens

Double cantilever beam (DCB) and end notched flexure
(ENF) specimens were fabricated from the composite panels
described in the preceding section. The DCB and ENF speci-
men configurations with nominal dimensions are shown in
Figs. 4 and 5, respectively. The DCB and ENF tests were used
to quantify the mode I and mode II fracture characteristics,
respectively, of the bonding concepts. Kapton inserts were
used in the manufacture of the specimens to act as starter
defects for the fracture tests. The inserts were 0.003 in. thick.
Piano hinges were bonded to one end of the DCB specimens
for load introduction, as shown in Fig. 4.

Double Cantilever Procedure
The DCB testing was conducted quasistatically at a cross-

head rate of 0.05 in./min. Load vs displacement was recorded
continuously during the test until fracture initiation was visu-
ally observed. The specimen was then unloaded and the pro-
cess repeated for subsequent tests at larger crack lengths
(propagation data).

End Notched Flexure Procedure
A compliance calibration was conducted for each ENF spec-

imen prior to fracture testing. This was accomplished by plac-
ing the ENF specimens in the three-point bend fixture at a/L
ratios from 0.3 to 0.8 in increments of 0.1, and measuring
compliance for each crack length. Only enough load was

Piano
Hinge

b=1

Fig. 4 Double cantilever beam specimen.

P/2

Fig. 5 End notched flexure specimen.
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Fig. 6 Modified beam theory data.
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Fig. 7 Compliance calibration data.

applied to produce a linear load-deflection plot. Crack growth
did not occur during the compliance calibration.

For fracture testing, the ENF specimens were placed in the
three-point bend fixture with a/L = 0.8 to limit the amount of
crack growth. The specimens were then loaded at a cross-head
rate of 0.1 in./min until crack growth was visually observed.
As before, load vs displacement was recorded continuously
during the test.

Data Analysis
Double Cantilever Beam Tests

Four methods were considered for analyzing the DCB test
data. They were 1) simple beam theory (BT), 2) modified beam
theory (MET), 3) a compliance calibration (CC) method, and
4) a modified compliance calibration (MCC) method. The
simple beam theory expression for the strain energy release
rate of a DCB specimen is

Glc =
3Pd
2ba (1)

Typically, the simple beam theory expression overestimates
the strain energy release rate. One way of correcting for this is
to consider the beam as containing a crack of length a + I A I ,
where A is determined experimentally by evaluating the cube
root of compliance as a function of crack length. An example
of this procedure is shown in Fig. 6, where A is given by the
crack length axis intercept. This can be found either graphi-
cally or by performing a curve fit on the data. The fracture
toughness for this modified beam theory4 is then calculated
using

3Pd
2b(a + I A I ) (2)

A compliance calibration method has also been used to calcu-
late the fracture toughness of DCB specimens.5 A least squares
curve fit is performed on compliance vs crack length data in
log-log form. The curve fit establishes the slope of the line m\,
as shown in Fig. 7. The strain energy release rate can then be
determined by

(3)2ba

A modified compliance calibration method can also be applied
to the test data.6 In this procedure, the crack length is normal-
ized by the specimen thickness h and evaluated as a function

40

a/h

a/h = 68.21*C1/3 - 2.208

0.1 0.2 0.3 0.5

C1/3 ( in / lb)

Fig. 8 Modified compliance calibration data.

c/c.

C/C0 = 1.427*(a/L)3
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Fig. 9 ENF compliance calibration data.
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Fig. 10 APC-2 G\c initiation data.
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Fig. 13 PEEK film bond propagation data.
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Fig. 11 Gic initiation data for concepts.
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Fig. 14 PEI film bond propagation data.
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Fig. 12 APC-2 propagation data.
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Fig. 15 Film adhesive bond propagation data.
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of the cube root of compliance. As before, the data is curve
fitted and the slope of the line is calculated as in Fig. 8. The
fracture toughness can then be calculated by

3P2C2/3

2m2bh (4)

End Notch Flexure
Two methods were considered for calculating strain energy

release rates for mode II fracture. They were 1) simple beam
theory, and 2) a compliance calibration method. The beam
theory expression for the ENF specimens is

9a2P5
(5)

where L is the distance from the outer loading points to the
center loading point.

The compliance calibration method7 employs a least squares
regression analysis on the compliance vs crack length data to
fit an equation of the form

C = C0 (6)

Film Adhesive w/Surface Treatment

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

a/L
Fig. 16 Film adhesive with surface treatment propagation data.

in-lb\
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a/L
Fig. 17 PEI film with surface treatment bond propagation data.

(4 specimens)
G,,c
CV

cv(%)

BT CC

Fig. 18 APC-2 GIIC data.
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Fig. 19 Gnc data for concepts.

The fracture toughness is then found by using

_ 3m3P2a2

Uc ~ 2b (7)

Typical ENF calibration data in normalized form are shown in
Fig. 9.

Results
Mode I Fracture

The four data analysis methods for the DCB tests were
evaluated using the baseline APC-2 specimens. Initiation val-
ues for GIC were calculated for each specimen using each of the
methods. The mean G\c values and coefficient of variation
(CV) for each method are plotted in Fig. 10. These data
compare well with other published results on APC-2, which
report values of 7.6-8.3 in.-lb/in.2.8'9 The modified beam
theory approach and the modified compliance calibration
method are shown to give the most conservative G!c values
(the MCC method was 1% lower at 6.5 in.-lb/in.2). However,
the scatter (CV) using the MCC method was 20% less than
that of the MET method. For these reasons, the MCC method
was selected for use in comparing the bonding concepts.

The mean G\c initiation values and the data scatter for the
bonding concepts are given in Fig. 11. The number of speci-
mens tested is shown in parentheses above each Glc bar. The
APC-2 data using the MCC method are also shown in the
figure as broken lines.

The addition of a layer of PEEK film more than doubles the
mode I fracture toughness (13.6 in.-lb/in.2) from the baseline
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value, with a slight increase in scatter (see Fig. 11). However,
the marked increase in Glc may be of little consequence since
it merely means that the critical region shifts away from the
bond to the composite material (APC-2) itself. Nevertheless,
the potential payoff of adding PEEK film in highly loaded
areas that can be coconsolidated with the composite material
(e.g., curved sections that are prone to delamination) is appar-
ent. The GIC value for this concept compares well with other
published data on PEEK film bonds1 (Glc = 12.8 in.-lb/in.2).

Bonding with PEI film and film adhesive significantly de-
creases the mode I fracture toughness and greatly increases
data scatter when compared with the baseline material, as
shown in Fig. 11. Mean GIc values for the PEI and film
adhesive bonds are reduced by over 90% to 0.68 and 0.62
in.-lb/in.2, respectively. The opening mode performance of
the film adhesive bond is slightly greater than other available
data on one-part epoxies1 (GIc = 0.1-0.2 in.-lb/in.2).

The incorporation of PEI surface treatment prior to bond-
ing with PEI film or film adhesive significantly improves the
fracture toughness compared to using the PEI film or film
adhesive alone (see Fig. 11). The mean GIc values for the PEI
and film adhesive surface treatment concepts are 4.1 and 3.0
in.-lb/in.2, respectively. In addition, the scatter is reduced
when surface treatment is employed. However, the scatter
remains high relative to the composite material.

Propagation GIc values for the APC-2 and bonding concept
specimens are shown in the form of delamination resistance
plots in Figs. 12-17. Different symbols are used for each
specimen, and strain energy release rates corresponding to
various a/L ratios are plotted.

The delamination resistance data for the APC-2 specimens
(Fig. 12) show a trend toward higher GIc values and reach a
plateau at an a/L of about 0.6. This apparent toughening is
caused by fiber bridging, i.e., the pulling of fibers from one
side of the delamination plane to the other. Although this can
be viewed as representative of fracture in the actual structure,
the higher toughness values may be nonconservative if bridg-
ing fails to occur.10 The propagation data compare well with
other published results.8'9'11'12

Except for one specimen, the PEEK film bond does not
appear to show any signs of toughening with increasing crack
length (Fig. 13). This is not conclusive since few tests were
conducted at the larger crack lengths (a/L>0.1). However,
the GIC values are significantly higher than the APC-2 lami-
nates, due in part to the cohesive failure of the tough PEEK
bond.

The PEI film, film adhesive, and film adhesive with surface
treatment results in Figs. 14, 15, and 16, respectively, also
indicate nearly constant G\c values for all crack lengths. All of
these bonding concepts failed adhesively (at the interface be-
tween the bonding and composite materials).

The PEI film with surface treatment appears to show an
increase in fracture toughness as a/L increases beyond 0.6
(Fig. 17). In fact, the GIc values for a/L >0.65 approach or
exceed the GIc onset value of the APC-2 system. This may be
due to plastic deformation of the amorphous PEI material in
the crack-tip region. Furthermore, the scatter in the calcula-
tions appears to decrease somewhat at the larger crack lengths.
The high GIc values for this bonding concept relative to the
other non-PEEK concepts may be due to the cohesive nature
of the fracture process.

Mode II Fracture
The two ENF data analysis methods were evaluated on the

APC-2 specimens. The average mode II strain energy release
rates using the beam theory and compliance calibration analy-
sis methods are shown in Fig. 18. The compliance calibration
method produces a more conservative Gnc value (13.1 in.-lb/
in.2), which is 21% less than the beam theory value (16.6
in.-lb/in.2). In addition, the scatter of the GIIc calculations is
slightly less using the compliance calibration method (CV of

13% vs 14%). Therefore, the compliance calibration method
was selected for use in comparing the strain energy release
rates of the bonding concepts. Other published results for
mode II fracture of APC-2 report values of 8.6-14.2 in.-lb/

1, 12^

Mean values for the mode II strain energy release rates of
the bonding concepts are shown in Fig. 19. The scatter in the
calculations and the APC-2 data are also given in the figure.
The number of specimens tested for each concept is shown in
parentheses above the mean value.

Bonding with PEEK film increases the mode II strain energy
release rate by nearly six times compared to the APC-2 lami-
nates. Furthermore, the relative increase in data scatter is
minimal. For mode II loaded structures, reinforcing critical
areas with PEEK film may be desirable if the structural design
allows for consolidation with the composite material.

The PEI film and film adhesive concepts produced mean
strain energy release rates of 2.8 and 5.7 in.-lb/in.2, respec-
tively. The results for these concepts also show large scatter
(CV>50%) in the GIIc calculations relative to the APC-2
laminates.

The incorporation of PEI surface treatment prior to bond-
ing with the PEI film and the film adhesive significantly
improves the bonding performance. The Gllc values for the
PEI film and film adhesive concepts with surface treatment
increase to 4.8 and 8.0 in.-lb/in.2, respectively. This amounts
to increases in Gnc of 71 and 40%, respectively, over the
concepts without surface treatment. The decrease in scatter
with the use of surface treatment is also quite significant. The
PEI film and film adhesive concepts with surface treatment
produce coefficients of variation of 26 and 19%, respectively.
This represents a reduction in scatter to one-third that of the
concepts without surface treatment.

Conclusions
The conclusions from this experimental study may be sum-

marized as follows.
1) Adding PEEK film in highly loaded areas that can be

consolidated with the APC-2 can significantly increase both
the mode I and mode II fracture toughness (+110 and
+ 480%, respectively) relative to the baseline material.

2) Coconsolidating PEI with APC-2 prior to bonding with
film adhesive or PEI film improves the mode I performance
( + 380 and + 500%, respectively) and the mode II perfor-
mance ( + 40 and +71%, respectively) and reduces data scat-
ter compared to bonding with the films alone.

3) With the exception of the PEEK film bond, high data
scatter (coefficient of variations > 50%) is inherent in the
mode I fracture of the bonding concepts.
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