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The Effect of PEEK Fibres
and Powder on Joints Made
with a High Temperature Adhesive

D. G. DIXON, S. J. HARRIS, M. DEMPSTER and P. NICHOLLS

British Aerospace, Sowerby Research Centre FPC 267, PO Box 5,
Filton, Bristol BS 12 7QW, UK

(Received 23 January 1997; In final form 16 April 1997)

High temperature adhesives typically exhibit low levels of peel strength since they tend
to be more brittle than typical toughened adhesives used for lower temperature applica-
tions. Tt was found that incorporating thermoplastic fibres or powder into the bondline
of a joint made with a high temperature epoxy-based adhesive resulted in significant
improvements in peel strength. Poly(ether ether ketone) (PEEK) fibres and powder
were incorporated into the adhesive resin and used in aluminium joints. These were
tested in peel and single lap shear using a range of fibre lengths, orientations and
volume fractions. It was seen that large increases in peel strength could be achieved but
that lap shear strength was degraded with most types of modification. However, some
modifications resulted in significant increases in peel strength with limited decrease in
lap shear strength. These improved properties have been achieved using physical modi-
fications rather than chemical alteration of the resin.

Keywords: High temperature adhesives; aluminium; peel testing; fracture; physical modi-
fications

INTRODUCTION

Structural adhesives have been used in the aerospace industry for half
a century and a large body of experience has been built up, covering
the formulation, processing and design of adhesive joints, particularly
with reference to epoxy adhesives. A typical toughened epoxy adhesive
will have a glass transition temperature of about 100°C when dry and
a peel strength of 7-10 kN/m as measured in a floating roller test. If
higher service temperatures are required there is a range of other
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adhesives available: modified epoxies can have glass transition tempera-
tures around 180°C and bismaleimides and polyimides have greater
thermal stabilities with glass transition temperatures beyond 250°C.
There are even more exotic adhesives which exist with service tempera-
tures beyond 350°C. Generally, however, it is the case that adhesives
with a higher operating temperature require more complex processing
and possess worse mechanical properties than those that operate at a
lower temperature. In particular, the high temperature thermoset adhes-
ives tend to be brittle with strains to failure of around 2% compared
with 6% for an aerospace epoxy. Recent work [ 1-4] has shown that the
peel strength of a commercially-available high temperature epoxy-based
adhesive can be improved by the addition of PEEK (poly(ether ether
ketone)) fibres. This earlier work used a variety of thermoplastic fibre
cloths embedded within the adhesive resin and resulted in significant
increases in peel strength, particularly when a carbon fibre-PEEK fibre
fabric was used. The peel strengths were typically raised from about
I kN/m to over 4.5 kN/m, measured at —55°C, 20°C, 130°C and 180°C.
The corresponding lap shear strengths were slightly reduced. However,
when this type of modification was used in a bonded stiffened laminate
tested in four-point bending, there was a small increase in strength but
a significant increase in damage tolerance whereby the modified test-
pieces continued to carry load after first failure compared with a more
catastrophic failure mode in the specimens made with standard adhe-
sive. The work presented below was intended to investigate the
strengthening effect of PEEK additions to a high temperature adhesive
resin with the aim of optimising and understanding the important
mechanisms, PEEK was incorporated into the adhesive resin in the
form of continuous fibres (in three orientations: 0°, 90°, and +45/
—45°), as chopped fibres, as powder and as woven cloth (plain weave,
273 g m ?). A range of volume fractions was investigated.

EXPERIMENTAL

Materials

The high temperature adhesive used in this work was FM 350NA, a
modified epoxy adhesive containing aluminium filler particles and a
glass transition temperature of around 180°C; it is manufactured by
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Cytec Engineered Materials Inc. The adhesive is normally available
with glass or nylon catrier cloths or as an unsupported film. This work
used adhesive with a film weight of 300 grams per square metre. Curing
is carried out with a typical epoxy cure cycle (177°C, 1hr, 200 kPa). The
adherends used were 2024-T3 aluminium alloy, pre-treated using a
chromic-sulphuric etch. The pretreatment consisted of a degreasing step
(wipe and wash in butanone) followed by immersion for 25 minutes at
60°C in a solution of sulphuric acid (25g/l) and chromium trioxide,
CrO; (50g/1). The etched coupons were then washed in running tap
water for 20 minutes and dried in warm air for 20 minutes. Bonding
took place within four hours. 1.6 mm thick adherends were used for the
lap shear joints; the peel joints used 1.6 mm thick aluminium for the
thick adherend and 0.5 mm thick flexible adherends.

PEEK fibre (approximately 25 pm diameter fibres) were incorpora-
ted into unsupported FM 350NA resin by sandwiching them between
two layers of adhesive film. In a few cases, three layers of film were
used; these are noted in the Tables. Layup, cutting and weaving were all
done by hand. PET (Polyethylene terephthalate) cloth was also used in
some tests to examine the use of another thermoplastic modifying fibre.

Procedures

Single lap shear joints were made using 25 mm wide specimens with a 12.5
mm overlap. These were tested at a crosshead speed of 2 mm/min. Float-
ing roller peel specimens were made using 25 mm wide specimens with a
200 mm long bonded area; these were tested in a floating roller peel jig
(Fig. 1) at a crosshead speed of 100 mm/min. Testing was carried out at
room temperature using an Instron 4507 Universal testing machine. The
results from three test specimens were used for each data point.

Small specimens were cut from the larger ones on a Struers Accutom
saw to produce 2 mm wide peel specimens. The edges were polished
using 4000 grit SiC paper and sputter-coated with Au-Pd to enable
them to be observed while testing was carried out on a straining stage
fitted inside the work chamber of a scanning electron microscope.

Small resin specimens, approximately 6 mm x 6 mm x 0.2 mm were
made for water uptake measurements and immersed in de-ionised
water at 35°C and 70°C. Water uptake was measured by weighing and
the diffusion coeflicients calculated.
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FIGURE 1 Floating roller peel strength test. Flexible adherend thickness =0.5 mm,

In order to examine the energy required to deform PEEK fibres
when they are pulled from the adhesive resin, a zero gauge length
specimen was made in which a tow of PEEK fibres was sandwiched
between layers of the adhesive resin. After curing, the specimen was
notched and cut with a razor blade then each half was bonded to
aluminium plates and pulled in a universal testing machine. Before the
test there were no free, uncoated PEEK fibres; after the test the length
of deformed fibres was measured, allowing the energy per unit length
of deformed fibre to be calculated. The extent of fibre pull-out (if any)
was also noted.

RESULTS

Results of the mechanical tests are given in Tables I to IV and plotted
in Figures 2 to 8. Table Igives the floating roller peel strength and
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single overlap shear strength values for specimens modified with chop-
ped randomly-oriented PEEK fibres. This table also shows the peel
strength of control specimens with single and multiple layers of un-
supported adhesive and for single layers of glass-supported adhesive.
The glass-supported adhesive is taken to be the control because this 1s
likely to be the most commonly-used commercial form and hence
exhibits the performance which any improved form should exceed.
Four PEEK fibre lengths, ranging from 1 mm to 15 mm, were used at
volume fractions up to about 50% at which point it begins to be
practically difficult to incorporate more fibre into the bond using a
sandwiching method. Since the PEEK fibres were not evenly distrib-
uted throughout the adhesive resin but concentrated towards the
centre of the bondline, it is more appropriate to denote the amount of
reinforcement by weight per unit area rather than volume fraction.
The peel strength and lap shear strength of control specimens, made
using commercially-supplied adhesive film with a woven glass carrier
cloth, were 0.75 kN/m and 24.6 MPa, respectively.

Failure was cohesive in all cases. Peel strength increases as more
fibre is added to the resin and for a given mass of fibre, the longer
fibres generally produce a higher peel strength. Significant increases in
peel strength were seen, raising the value of 6.7 kN/m in one case.
However, the distribution of the chopped fibres was uneven, with a
degree of “clumping” which led to oscillating peel values during the
peel test; a conservative value for peel strength, at the lower limit of
the oscillations, was taken in these cases. The peel results are plotted
in Figure 2.

Table IT shows the results of tests using continuous PEEK fibres.
Most joints were made using the 0° orientation in which the fibres run
along the joint in the testing direction. As the amount of PEEK fibre
increases, the peel strength increases but the lap shear strength tends
to decrease. Table III shows results for cloths woven from tows of
continuous fibres, using PEEK and PET (polyethylene terephthalate).
The combined results of Tables IT and IIT are plotted in Figure 3.
Peel strength is seen to increase as the amount of PEEK fibre is
increased and continuous unidirectional fibres produce a greater in-
crease than a woven cloth. When three orientations of continuous
fibre are compared, the 0° orientation is stronger than the +45°
orientation which is in turn stronger than the 90° orientation.
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FIGURE 2 Peel strength as a function of the amount of PEEK incorporated into the
adhesive. Chopped PEEK fibre length 1 mm, 3 mm, 6 mm and 15 mm.

The adhesive was also modified by sandwiching PEEK powder
between two films of resin. The results are given in Table IV and
plotted in Figure 4. As with the fibre-modified adhesive, the peel
strength increases with amount of PEEK but for a given mass of
PEEK the measured peel strengths using powder are less than those
observed using fibres. Table V shows results from the earlier work
[1,2] for comparison. The peel strengths of all types of modifications
are plotted on a single graph in Figure 5. Figure 6 shows the effect of
PEEK additions on bondline thickness and Figure 7 shows the effect
of bondline thickness on peel strength. Increasing the amount of
PEEK in the adhesive causes an increase in bondline thickness from
about 100 pm when unsupported adhesive is used to about 350 pm at
the highest loadings of PEEK; large amounts of chopped fibres pro-
duced higher bondline thicknesses but this was probably due to un-
even distributions of the fibres which tended to form “clumps” within
the resin. The higher peel strengths were also associated with the
thicker bondlines although the thickest bondlines did not result in the
highest peel strengths.

The above results show that peel strength can be progressively and
consistently increased by including PEEK fibres or powder in the
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FIGURE 3 Peel! strength as a function of the amount of PEEK incorporated into the
adhesive. Continuous PEEK fibres in three orientations and PEEK cloth.

adhesive bondline. The effect of these modifications on lap shear
strength is given in the above Tables and plotted in Figure 8 where lap
shear strength is shown as a function of the amount of PEEK in the
bondline. The lap shear strength is reduced by the addition of PEEK

TABLEIV Adhesive Joint Test Results for Modified FM 350NA PEEK powder

PEEK Areal  Peel Strength  Lap shear Bondline Notes
density (kN/m ) Strength thickness
(gm~2) (MPa) ( peel specimens )
(um)
5 1.30 200
13 1.69 170
26 1.97 150
52 244 170
93 2.84 270
51 258
160 17.9
0 0.75 glass carrier
cloth(CONTROL)
0 24.6 glass carrier
cloth(CONTROL)

average of three specimens.
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FIGURE 4 Peel strength as a function of the amount of PEEK incorporated into the

adhesive. PEEK powder.

TABLE V  Adhesive Joint Test Results for Modified FM 350NA Results from refer-

ences 1 and 2

Material Areal density Peel Strength Bondline
(gm ?) (kN/m) thickness (m)
Carbon-PEEK fibres 0° u/d 250 5.20 350
glass-PPS cloth 0/90° 350 5.04 420
C-PEEK cloth 0/90° 250 331 800
C-PPS cloth 0/90° 250 5.12 800

but for values up to 50 g m~ 2 there is only a small reduction and in one
case, when PEEK powder was used, there was a small increase.

The peel fracture process was monitored in the scanning electron
microscope (SEM) by sectioning the full-sized peel joints to produce
small peel specimens which were 2 mm wide. These were pulled apart
in a straining stage situated within the work chamber of the SEM. The
propagation of fracture could then be observed at the edges of the
specimen and recorded on video. Figure 9 shows the peel failure of an
aluminium alloy joint bonded with the unsupported adhesive. The
fracture appears to run cleanly along the metal-adhesive interface but
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FIGURE 5 Peel strength as a function of the amount of PEEK incorporated into the
adhesive. All forms of PEEK.
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FIGURE 6 Adhesive bondline thickness as a function of PEEK incorporated into the
adhesive.

subsequent analysis of the fracture surfaces reveals that failure was
cohesive, albeit close to the metal. When the adhesive containing a glass
carrier cloth was tested (Fig. 10) the failure ran close to the metal but
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FIGURE 8 Lap shear strength as a function of the amount of PEEK incorporated
into the adhesive.

cracking was also observed around the glass cloth fibres, often taking
place ahead of the main crack tip. The fracture surfaces from these
samples showed that the fibres were coated with adhesive resin.
Figure 11 shows the peel failure of the adhesive containing a knitted
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nylon carrier cloth. In this case there is more resin-fibre debonding
ahead of the main crack tip and the fracture path is more convoluted
than with the unsupported or glass-supported resin. The nylon fibres
from these samples were cleanly disbonded from the resin (as deter-
mined by SEM observation). Scanning electron micrographs of peel
failure in the PEEK-modified specimens are shown in Figures 12 to 16.
The fracture of a joint reinforced with unidirectional PEEK fibres run-
ning along the length of the joint (0°) is shown in Figure 12. The PEEK
loading in this example is 90 g m~? and extensive fibre-resin debonding
is visible ahead of the main crack tip. Fibre bridging is evident after
complete resin failure. Similar effects are seen in Figure 13 which shows
the peel failure of a joint with the same amount of PEEK but where the
fibres are oriented across the length of the joint (90”). Figure 14 shows
the fracture of a peel joint reinforced with woven PEEK cloth. In the
peel failure of a joint reinforced with powder at a loading of 5 g m™2
(Fig. 15) the crack appears to run near the metal-adhesive interface but
not so close as in the case of the unreinforced specimen. When the
amount of powder is increased to 52 g m~2 the crack path is more
tortuous and runs near the centre of the bondline (Fig. 16).

FIGURE 9 Scanning electron micrograph of in-situ peel test on small scale specimen.
Unsupported adhesive.
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120 pm

FIGURE 10 Scanning electron micrograph of in-situ pecl test on small scale specimen.
Adhesive resin containing glass carrier cloth.

FIGURE 11  Scanning electron micrograph of in-situ peel test on small scale specimen.
Adhesive resin containing nylon carrier cloth.

Peel fracture surfaces were also examined in the scanning electron
microscope. The fracture surfaces of the joint made with unsup-
ported adhesive is shown at two magnifications in Figure 17. The
fracture surface is relatively smooth, exhibiting limited amounts of



"“UONBIUSLIO ()
_w 806 ‘s91qY HTJ SUIUrLIu0D uIsal dAISaYPY ‘uswroads ofeos [fews uo 3593 {aad nys-up Jo yderdosomu uonospe Sumuedg 71 FUNDIA

<

(4

TT0Z AJenuer gz 85:0T : N papeo juwod



n n ‘UOTIBIUDLIO
06 ;W 8 06 ‘s21qy JAAJ SwTure1uos usol sAISSYpPY ‘wawoads afeds J[ews uo 1527 [99d nys-u Jo ydeidolonu uondsps Julumuedg ¢ FANOIL

—_—
wrl 00E

TT0Z AJenuer gz 85:0T : N papeo juwod



"YI0[0 UdAOM ‘W
3 ¢L7 ‘s01qy MFHd SUlUIeluOo uIsor AIseYpyY usumoads ofeos fews uo 181 ed nrs-uy jo yderSororwr woupsopa Jutuueds  H1 FYNOLA

TT0Z AJenuer gz 85:0T : N papeo juwod



LW
-
8 ¢ ‘ropamod YT SuluIeImOd UISAT SAISIYPY UAWIOAdS 2[eds [[ewrs uo )53 [aad nys-u1 jo ydesSomonmu uonosd Suruuedss ¢ 3YNOII

TT0Z AJenuer gz 85:0T : N papeo juwod



10: 58 22 January 2011

Downl oaded At:

150 D. G. DIXON et al.

FIGURE 16 Scanning electron micrograph of in-situ peel test on small scale specimen.
Adhesive resin containing PEEK powder, 52 gm™ 2.

plastic deformation and roughness. In contrast, the fracture surface of
a powder-reinforced sample (52 g m~2) in Figure 18 is rough, with
extensive resin deformation. Particles of PEEK powder are also vis-
ible and at higher magnification (Fig. 18b) it is evident that there has
been surface deformation on the PEEK particles and resin-particle
debonding. The fibre-reinforced specimens are covered in loose PEEK
fibres which appear to have cleanly-debonded from the adhesive resin.
Some fibres are debonded but intact whilst others have been broken
and display distorted ends. Figure 19 shows the fracture surface of a
PEEK fibre reinforced specimen made with 180 g m ™2 of continuous
fibre. When the specimens made using PEEK cloth were tested, the
cloth debonded cleanly from the resin with the limited deformation
and failure of individual fibres (Fig. 20).

The zero gauge length specimen (Fig. 21) was used to estimate the
energy needed to deform and fracture PEEK fibres. Since no fibre
pull-out was observed, the length of fibres visible after failure arises
from the plastic deformation of the PEEK. The total energy was
calculated to be 7 x 1072 J per metre length of individual PEEK fibre.
This quantity is used below (see discussion) to estimate the energy
contributed to the peeling failure by fibre bridging.
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(b)

FIGURE 17 Scanning electron micrograph of a fracture surface from a peel specimen.
Unsupported adhesive resin. a. Low magnification b. High magnification.

The adhesive bonding of aerospace structures requires not only
high initial joint strength but also the ability to retain that strength
over long periods of time. The incorporation of an extra physical
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(b)

FIGURE 18 Scanning electron micrograph of a fracture surface from a peel specimen.
Adhesive resin containing PEEK powder. a. Low magnification showing debonded
PEEK particles in the adhesive resin. b. High magnification showing resin-particle
debond and plastic deformation on the surface of the PEEK particles.
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FIGURE 19 Scanning electron micrograph of a fracture surface from a peel specimen.
Adhesive resin containing continuous PEEK fibres.

FIGURE 20 Scanning electron micrograph of a fracture surface from a peel specimen.
Adhesive resin containing PEEK cloth.
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FIGURE 21 The zero gauge length specimen. The PEEK fibre tow is embedded in the
adhesive resin.

phase into the bondline may offer the opportunity for enhanced water
diffusion along the extra interfaces, leading to bond deterioration and
this might be expected to be worse when continuous fibres are intro-
duced into the adhesive resin due to the introduction of continuous
diffusion pathways. In order to test this, water diffusion tests were
carried out by soaking plaques of cured adhesive in de-ionised water.
The water uptake was measured gravimetrically and water diffusion
coefficients were measured. Specimens of neat FM 350NA resin and
specimens with PEEK fibres and carbon fibres incorporated into the
adhesive were tested.

Diffusion coefficients were calculated by assuming Fickian diffusion,
1.e..

F=—-DdC/dx

where

F =rate of transfer per unit area of section
C = concentration

x = distance measured normal to section
D = diffusion coeflicient

Several analyses of the diffusion equation have been made [5, 6].
For the case of a thin sheet, as used in these experiments, it is possible



10: 58 22 January 2011

Downl oaded At:

EFFECT OF PEEK FIBRES AND POWDER 155

to assume that the water diffusion takes place through the plane faces
of the specimen and that:

X 8 —DQ2n+ 1)2n?t
L
M, L ont 7P e

n
where

M, =total amount of water which has entered the sheet at time ¢
M ,=amount of water after infinite time
[=half sheet thickness

For small times, this simplifies to

M, _[Di\'
___:2 - —1/2
M, (12> ”

The diffusion coefficient, D, can be derived from a graph of M,/M,
where the gradient is (2/1)(D/n)'/%.

The adhesive specimens were prepared by curing the resin under
pressure between films of release paper. After curing, the adhesive was
approximately 600 pm thick and was cut into sheets approximately
6 mm square. The edges and faces were polished lightly with SiC paper
to remove cutting damage and any residual release agent. They were
then dried in an oven at 70°C and their weight loss was monitored
until a stable value was achieved; this was taken to be the dry weight
of the specimens. The measurements were made using a micro-balance
with an error of less than 0.02%. The specimens were then immersed
in de-ionised water at 35°C and 70°C, stable to + 0.5 deg C. Their
weight increase was then measured for periods up to 9000 hours and
used to calculate the diffusion coefficients which are given in Table VI

TABLE VI Water Diffusion Coefficients, D, (m ™25~ 1)

Adhesive carrier D at 35°C D at 70°C weight gain, %,
cloth/fibre 35°C 70°C
FM 350NA glass 43x 10712 73x 10712 436 4.46

FM 350NA nylon 48 x 1071 44x10°%} 3.39 3.88
FM 350NA C-PEEK 20x10"'* 80x107'3 2.41 244
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for specimens which contain a glass carrier cloth and a nylon carrier
cloth (both commercially-available products) and a specimen contain-
ing a mixture of PEEK fibres and carbon fibres at a volume loading of
approximately 40%. It can be seen that there is little difference in the
water diffusion coeflicients between the adhesive containing PEEK
fibres and the adhesive containing glass or nylon fibres. When the
volume fraction of adhesive is taken into account there is no signifi-
cant difference in the water uptake.

DISCUSSION

The thermal stability of high temperature thermoset adhesives is invari-
ably gained at the expense of peel strength and usually lap shear
strength. It is common for the aerospace industry to use adhesives in
the form of one-part films; this form assists application, ensures even
coverage over large areas and enables large areas of adhesive to be
easily applied. Film adhesives often contain a carrier cloth which can
offer some control over bondline thickness and flow during cure as well
as improving the handling properties of the uncured adhesive. Typi-
cally, film adhesives contain a woven or knitted cloth and the adhesive
used in this work is commercially available with a woven glass cloth, a
knitted nylon cloth or in an unsupported version. Earlier in-situ SEM
straining studies [1-31 had demonstrated that the fracture process was
altered according to which type of carrier cloth was present and
prompted an investigation into the effect of separate physical phases
within the adhesive layer. It has been demonstrated that incorporating
PEEK into a high-temperature epoxy adhesive produces a significant
increase in peel strength. PEEK powder, fibre and cloth have been
sandwiched between two layers of unsupported adhesive resin and
cured, giving a range of PEEK weights up to about 275 g m ™~ 2. Increas-
ing the PEEK content beyond this value presented practical difficulties
which could probably be overcome by an automated method in which
the resin and PEEK were combined during the film manufacturing
process. Values for weight per unit area have been given rather than
volume fractions since the PEEK was concentrated towards the centre
of the bondline; had the PEEK fibre reinforcement been evenly distrib-
uted a value of 50 ¢ m > would have corresponded to a volume
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fraction of about 20%. In general, the more PEEK fibre or powder was
added, the greater was the peel strength but the increases appeared to
be diminishing; no limit was found but it is certain that a maximum
would have been observed it if were possible to increase the loading of
PEEK in the resin. Peel strengths were increased from a value of about
0.75 kN/m for the commercially-available systems to over 2.75 kN/m
when powder modifications were used; when fibres were added to the
resin the peel strength was raised further, to values as high as 6.7 kN/m.

The general effect on lap shear strength was the opposite of that
seen in peel testing with the strength diminishing with increasing
amounts of PEEK. However, the reduction was small at PEEK values
up to about 50 g m~ 2 with no reduction (in fact, a small increase) seen
when powder reinforcement was used at this level. At PEEK levels
above about 100 g m™~ 2, the lap shear strength was constant at about
18 MPa, reduced from the control value of 25 MPa, measured on
joints made with the standard glass-supported adhesive.

The effect of orientation of continuous fibres was examined at one
fibre weight. There was a small difference in peel strength in the order
90° > +45°>0° and there is some evidence to suggest that the longer
fibres produce higher peel strengths and, for a given weight of PEEK,
fibres were more effective than powder or cloth.

Three mechanisms are offered to explain the increase in peel
strength seen in this work: (1) Increase in bondline thickness, leading
to the availability of a larger plastic zone ahead of the advancing
crack tip; (2) Microstructural effects within the bondline, ahead of and
near the crack tip, allowing crack branching and increasing the distri-
buted damage by resin-fibre debonding prior to failure; (3) Fibre
bridging, whereby PEEK fibres remain attached to each side of the
adherend after the joint has fractured; the peel strength would be
apparently increased by the energy needed to deform and break the
fibres. If the PEEK fibres were to pull out of the resin there would be
a further energy-absorbing mechanism as noted for some fibre-rein-
forced composite materials [7].

The bondline thickness of peel specimens is given in Tables I to IV
and plotted in Figure 7. From these and earlier [1,2] results it is
seen that there is a general but not consistent correlation of bondline
thickness with measured peel strength. A comparison of unsupported
adhesive and PEEK-reinforced adhesive with similar bondline thick-
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nesses should clarify the effect of bondline thickness but practical
difficulties were encountered when the manufacture of thick bondlines
using unsupported adhesive resin was attempted. However, single
layers of unsupported resin produced peel strengths of 0.9 kN/m with
a bondline thickness of 65 pym and the peel strength of double layers
was less (0.55 kN/m). A bondline thickness of 350 um, achieved by
using seven layers of unsupported film, yielded an average peel
strength of 1.5 kN/m from three specimens. This is almost twice the
strength of the control specimens but significantly less than the
strength of PEEK-reinforced adhesives with similar thicknesses. Thus,
it is fair to say that whilst an increase in bondline thickness does result
in an increase in peel strength for this adhesive, the incorporation of
PEEK produces an apparent further increase.

Microstructural effects have been observed in the earlier work.
Scanning electron micrographs of the peel fracture and the fracture
surfaces show that when PEEK fibres or powder are included within
the bondline there is an increase in the amount of cracking ahead of the
main crack tip and that the crack path is complex, with crack branch-
ing and diversion. This is presumably due to resin-PEEK debonding
occurring ahead of the main crack, altering the stress distribution and
absorbing energy by the creation of new surfaces. These effects are less
obvious in the glass-supported adhesive where the glass is well-bonded
to the resin; in the nylon-supported adhesive there is more debonding
but the volume fraction of nylon is low. For strengthening to occur it is
evidently necessary to have a high volume fraction of PEEK which
allows a large area of resin-PEEK debonding to occur and which forces
the crack to propagate along a more tortuous path. The PEEK fibres
show no evidence of adhering resin after fracture and no evidence of
plastic deformation on their surfaces although the fibre ends are often
deformed. The PEEK powder particles, however, do exhibit signs of
plasticity on their surfaces but no large scale deformation or tearing.
This suggests that debonding occurs before the crack has opened, as
seen in the in-situ micrographs, and that fibre deformation has taken
place at high crack opening displacements. It may be that the
strengthening seen when PEEK powder and cloth are used is due to
these microstructural effects of crack branching/diversion and resin-
PEEK debonding because in these cases there is little or no opportun-
ity for fibre bridging to occur. These mechanisms are often cited as
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strengthening mechanisms in composite materials. It is worth noting
that the micrographs of the in-situ joint testing can only observe the
edge of the joint and that the fracture propagation within the joint may
be taking a different path. For example, the unsupported adhesive ap-
pears to fail interfacially in the SEM micrographs but the fracture
surface images clearly show cohesive failure (but close to the interface).
However, the general trends indicated by the SEM in-situ observations
are in agreement with the conclusions gained from the observations of
the fracture surface after testing and it is probably fair to use the in-situ
SEM technique to infer the mechanisms of failure.

It may be that the powder results follow the same distribution of
strengths as the cloth results. This could be explained if the extra
strength exhibited by the fibre-reinforced specimens were due to fibre
bridging effects which were essentially absent from the powder and
cloth samples. Fibre bridging is a likely toughening mechanism in
these specimens. When a double cantilever beam test was used [4] to
measure G,. of bonded composite specimens in which a carbon
fibre/PEEK fibre cloth was used to reinforce FM 350NA the strain
energy release rate was raised from 302 Jm™? (for the standard glass-
supported adhesive at 20°C) to 2708 Jm 2 for the C-PEEK modified
adhesive. In these tests there was ample visible evidence of fibre bridg-
ing but this effect is likely to be somewhat reduced in a floating-roller
peel test compared with a double cantilever beam test since the crack
opening displacement is much greater in the former, thus reducing the
area over which the fibre bridging can be effective. Figure 2 also
shows that for a given amount of chopped PEEK the longer fibres
produce the higher peel strength. There is no evidence that fibre pull-
out is a strengthening mechanism in these specimens: separate tests
conducted on zero gauge-length specimens of PEEK fibre tows em-
bedded in the adhesive resin did not result in the fibres being pulled
out of the resin but caused the PEEK fibres to neck and break. Thus,
the energy-absorbing mechanism in fibre bridging is due to the defor-
mation and fracture of PEEK fibres whose ends are buried in the resin
on different sides of the crack. Micrographs of the fracture surface on
fibre-reinforced specimens clearly show troughs where the fibres have
been debonded (probably ahead of the main crack) and deformed fibre
ends where the fibres have necked and broken. An estimate of the
energy associated with fibre bridging, G, can be made by counting
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the number of deformed fibres and their length on the fracture surface
of a peeled fibre-reinforced specimen. This was done by cutting the
peeled fracture surface into 2 mm wide strips and counting the fibres
which protruded from the resin surface; in this way, those fibres which
did not play a role in the fibre bridging (i.e., those which were com-
pletely disbonded) would be lost and only those fibres which still had
one end embedded in the adhesive would remain. The total length of
deformed fibre per unit area, L, remaining on a peel fracture surface
was measured to be 2.11 x 10° m/m? for a continuous fibre reinforced
specimen with 45 g m ™~ ? of PEEK and a peel strength of 3.23 kN/m. A
value for G, can be calculated by measuring the energy needed to
deform and break PEEK fibres. This was done for a zero gauge-length
specimen consisting of a PEEK fibre tow embedded in the adhesive
resin. The energy, E,, was measured to be 7x 10~2 J per metre length
of deformed fibre remaining after fracture. The energy per unit area of
peel fracture surface due to fibre deformation, G,, is therefore

Gy =L E, ~150 Jm 2

This figure, approximately half the fracture energy of the resin, shows
that fibre bridging is a significant toughening mechanism but it is
clear that there is a further major contribution to the improved peel
strength and it is assumed that this is due to both the microstructural
toughening effects and the deformation of the adherends.

Other workers have incorporated thermoplastics or rubbers into
brittle adhesive resins [8-117] but this has usually been done at the
resin blending stage so that the toughening phase is developed during
processing and is seen as a dispersion on the micrometre scale or
below. The larger-scale physical modifications described in this work
do not require alterations to the resin formulation and may be appli-
cable to a wide range of resin types. Initial work suggests that PEEK
may not be suitable for toughening bismaleimide resins but that it
shows promise for modifying cyanate esters. Other thermoplastic
fibres and powders might also be considered since there are several
alternatives which have economic advantages compared with PEEK.
This type of toughening, by incorporating a thermoplastic powder
phase into a more brittle resin, is used commercially in at least one
structural adhesive based on a phenolic resin, Redux 775 [12] but in
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that case there is a degree of intermingling of the two phases during
care. [t used to be the case that the mixing of the two phases, resin
and powder, was undertaken immediately prior to bonding but that
adhesive is now made on an automated production line and demon-
strates that the technology to incorporate powders into film adhesives
is already mature. Whilst promising results have been shown in this
work, there remains a need to examine the effect of these modifications
on other mechanical and physical properties before the material could
be used for safety-critical applications. Initial results from water diffu-
sion measurements show that the water uptake of resin containing
PEEK fibres is no worse than in resin containing glass or nylon fibres
(which are commercially-available systems). The calculations of the
diffusion coefficients assumed isotropic Fickian diffusion. In the case
of fibre-reinforced samples this may not be the case because there may
be enhanced diffusion along the fibre-resin boundaries; however, the
initial results here are encuoraging in that there is no increase in water
uptake which would be expected if enhanced diffusion were taking
place. However, if the effect of moisture on PEEK -reinforced adhesive
is to be demonstrated it will be necessary to carry out strength tests
on water-exposed adhesive joints; these tests are currently underway.

If fibre-bridging is a major toughening mechanism it could be
exploited in situations where energy absorption is needed over the
maximum range of crack opening displacements such as the crashwor-
thiness of structures bonded with brittle high-temperature adhesive
resins.

Earlier results [ 3] tested similarly-modified joints and found that an
increased peel strength was seen at temperature ranging from —55°C
to 180°C. It is not unreasonable to expect, therefore, that the effects
observed in this work would also be seen over a wide temperature
range.

CONCLUSIONS

Physical modifications have been made to a commercial high-tem-
perature epoxy-based adhesive, FM 350NA. Fibres and powder, most-
ly of PEEK, have been incorporated into the bondline with the result
that peel strengths have been significantly raised. These modifications
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produced a drop in lap shear strength at higher volume fractions. In
general, PEEK fibres are more effective in raising the peel strength than
powder or cloth; longer fibres are more effective than short fibres.

There appears to be an orientation effect when continuous PEEK
fibres are used: in peel, the 90° orientation is stronger than the +45°
orientation which is stronger than the 0° orientation.

The increase in peel strength may be due to a combination of bond-
line thickening, fibre bridging and microstructural effects. Further work
is needed to clarify this.

These effects are likely to occur if other thermoplastic fibres such as
PET are used.

The incorporation of PEEK fibres into the resin does not affect
water uptake at 35°C and 70°C when compared with the commercial-
ly-available adhesive resin which incorporates glass or nylon fibres.
Further work is needed to determine the effect of water exposure on
joint strength when these PEEK-modified adhesives are used.
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