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ABSTRACT: Bimaterial composites were constructed by
injecting carbon-fiber-filled poly(etheretherketone) (CF PEEK)
into a mold containing one-half of a poly(etherimide) (PEI)
tensile specimen. Specimens were notched at the interface
and tested in tension. Using fracture mechanics, the adhesion
strength of the interface (a fracture energy with units of
energy per area) was calculated from notch size and stress–
strain behavior of the notched specimens. Fracture energies
(with units of energy per area) of the PEI/CF PEEK bimaterial
composites were slightly less than those measured from the
monolithic materials of construction. Variations in test speed
(below the glass transition temperature of the two compo-
nents) had little effect on stiffness or fracture energy. How-
ever, fracture energies decreased slightly as temperature
increased. Composites fractured through the CF PEEK near

the PEI/CF PEEK interface. Consequently, the fracture sur-
face of the PEI portion had a thin layer of CF PEEK (a qualita-
tive indicator of good adhesion).Microscopy andX-ray photo-
electron spectroscopy confirmed the presence of a thin layer
of CF PEEK on the PEI. It appears that the miscibility of PEI
and PEEK contributed to the strength of the PEI/CF PEEK
thermophysical bond. The strength of the thermophysical
bond of the PEI/CF PEEK bimaterial composites was greater
than the cohesive strength of amorphous commodity poly-
mers such as polystyrene and should be more than adequate
for most microelectronics device handling applications.
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INTRODUCTION

Insert-molding often involves molding a higher per-
formance polymer, such as poly(etheretherketone)
(PEEK), on to a less expensive one. This approach
combines the best features of both materials and pro-
vides an economical method of producing higher
performance products at a reduced cost.1,2 In some
cases, it is a good alternative to polymer blends.

Recently, insert-molding has been employed in the
constructionofpoly(carbonate) (PC)/carbonfiberpoly-
etheretherketone (CF PEEK) containers for the trans-
portation and storage of silicon wafers.3–7 While PC is
clean, tough, and dimensionally stable, among engi-
neering polymers, it has modest chemical and thermal
resistance. Therefore, it would be desirable to pair
PEEK with a material that has greater chemical and
thermal resistance. An excellent candidate for higher
performance is polyetherimide (PEI). PEI, like PC, is a
rigid, amorphous polymer that has several advantages

over PC, such as greater stiffness, better chemical re-
sistance, a higher glass–rubber transition tempera-
ture,8–10 and better flame retardancy. Also, PEI is mis-
cible with PEEK,11–15 which potentially could lead to
improved adhesion. These properties make PEI an
attractive alternative to PC where higher performance
bimaterial composites are required.

One of the key features of any successful product
based on insert-molding is good adhesion between the
materials. Thus, the purpose of this studywas to evalu-
ate the adhesion between PEI and CF PEEK. Compos-
ite samples were constructed by injecting CF PEEK into
a mold containing one-half of a PEI sample. The inter-
face acts as a flaw or stress riser of unknown size. To
perform a controlled measurement, notches of prede-
termined size were intentionally introduced into speci-
mens prior to testing. Notched samples were tested
in tension. Using fracture mechanics, the adhesion
strength of the interfaces was calculated from notch
size and stress–strain behavior of the notched speci-
mens. Effect of notch size, test speed, and temperature
were examined for the composite as well as the materi-
als of construction (PEI and CF PEEK). Also, fracture
surfaces were analyzed using optical microscopy
(OM), scanning electron microscopy (SEM), and X-ray
photoelectron spectroscopy (XPS).
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ANALYSIS

Crystallinity

The crystalline fraction xc of the CF PEEK was calcu-
lated as16

xc ¼ ðDH=Hf Þ=ð1� xf Þ; (1)

where xf is the filler fraction, DH is the measured melt-
ing enthalpy, andHf is themelting enthalpy of the poly-
mer in a 100% crystalline state. For PEEK,Hf¼ 130 J/g.17

General mechanics

Tensile stressesswere calculated using elongation force
F divided by the undeformed cross-sectional areaA,18,19

s ¼ F=A: (2)

Tensile strains e were calculated using elongation DL
of the sample divided by its initial length L,

e ¼ DL=L: (3)

Tensile moduli Ewere calculated as stresss over strain
e, where strains were small and thematerials were line-
arly elastic (e< 0.01),

E ¼ s=e: (4)

Strain rate êwas calculated as the velocity v of the elon-
gation divided by the initial length L,

ê ¼ v=L: (5)

Mechanics of composite specimens

Figure 1(a) shows the central portion of a bimaterial
composite tensile specimen. The specimen is com-
posed of two materials in series with tensile moduli
of E1 and E2, where E1 � E2. Both segments have the
same cross-sectional area, A, but the relative length
of each component, L1 and L2, can vary.4,7 When load
is applied, the bimaterial composite deforms with
the same average stress in each component, indepen-
dent of fractional length,

s ¼ s1 ¼ s2: (6)

However, if the materials of construction differ in their
stiffness, the individual components will not deform to
the same extent. The stiffer material deforms less,
while the softer material deforms more. The apparent
strain, e, in the composite sample is the sum of the
strain in each of the components,

e ¼ DL=L ¼ l1e1 þ ð1� l1Þe2; (7)

Figure 1 (a) The central portion of a series composite tensile specimen composed of two materials with different tensile
moduli, E1 and E2, where E1 < E2. In all cases reported here, l1 ¼ l2 ¼ 0.5. (b) The dimensions of the whole tensile speci-
men as well as notch location and orientation. The notch length a was zero for unnotched samples.
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where

l1 ¼ L1=L; (8)

l2 ¼ L2=L; (9)

e1 ¼ DL1=L1; (10)

e2 ¼ DL2=L2; (11)

and

l1 þ l2 ¼ 1: (12)

Thus, the apparent stress generated within a bimaterial
composite specimen depends on the applied apparent
strain, component moduli, and component fractional
lengths,

s ¼ E1E2=½l1E2 þ ð1� l1ÞE1�e: (13)

Accordingly, the apparent tensile modulus, E, of the
bimaterial composites is

E ¼ E1E2=½l1E2 þ ð1� l1ÞE1�: (14)

For all specimens examined in this study, l1¼ l2¼ 0.5.

Fracture mechanics

The adhesive strength of the interface and the com-
ponent materials were calculated using fracture
mechanics. The fracture energies G were calculated
from the notch length a and mechanical response of
notched specimens as20,21

G ¼ 2:5 paU; (15)

where U is the strain energy density to break (or area
under the stress–strain curve). U is computed by inte-
grating the stress–strain curve from e¼ 0 to e¼ eb,

U ¼ sðeÞ de: (16)

If specimens broke at small strains with a linear stress–
strain response, approximate values of fracture energy
were estimated from breaking stresses and strains as,

G� ¼ 1:25 pasbeb (17)

or simply from the breaking stress,

G�� ¼ 1:25 pasb
2=E: (18)

EXPERIMENTAL

Materials

PEI (Ultem 1000 fromGE, Pittsfield, MA) and CF PEEK
(Entegris’ STAT-PRO1 300E, Chaska, MN) were used

to mold monolithic and bimaterial composite speci-
mens. The PEI had Mn � 1.2 � 104 g/mol and a poly-
dispersity, Z, of 1.9. The CF PEEK compound con-
tained < 20% short carbon fiber (Mn � 3.1 � 104 g/mol
with Z� 2.4).

Sample preparation

Figure 1(b) shows typical dimensions of ASTM D638
Type I tensile specimen. Monolithic tensile specimens
were molded from the individual resins by injection
molding. Composite samples were fabricated by first
molding PEI specimens, then cutting them in half
with a bandsaw, and inserting the half pieces back
into the mold. CF PEEK was then injected into the
mold containing the half piece of PEI. In all cases, l1
¼ l2 ¼ 0.5.

Tensile specimens were notched at their midpoint.
For the composite specimens, this corresponded to
placing the notch at the interface. Figure 1(b) shows the
notch orientation. First, a Ryobi1 SC165VS scroll saw
with a 0.025@ (0.64 mm) coarse tooth blade at � 900
strokes per minute was used to cut within 0.5 mm
(0.02@) of the desired depth. Then, a Master Mechanic1

universal style utility blade was mounted in the INS-
TRON1 5582 test machine to cut the final 0.5 mm. A
specimen was placed in the tensile tester and the blade
was brought into contact with the edge near the notch.
A pressure reading of less than 1 Nwas used to signify
contact and then the gauge length was reset. After
resetting gauge length and centering the partially cut
notch under the blade, the machine was started. The
blade moved downward at 2 mm/min until the pre-
programmed notch length was reached. Notch length
awas varied between 1 and 4mm.

Melt flow rate

Melt flow rate (MFR) was determined using a Kayeness
Galaxy I melt flow indexer with a 1.048 mm orifice.
Triplicate samples were cut from tensile specimens and
dried for 4 h at 1508C. Six grams of material was loaded
into the instrument. Barrel temperatures were 3378C
for PEI and 3858C for CF PEEK. After preheating for
6 min, a 6.6 kg load was applied to the PEI and 5.0 kg
load to CF PEEK (ASTM D1238-98). MFRs were re-
ported in dg/min.

Differential scanning calorimetry

Glass transition temperatures, Tg, and melting tem-
peratures, Tm, were determined using a Perkin–Elmer
DSC7 differential scanning calorimeter (DSC). Three
samples, with masses of 4–7 mg, were taken from ten-
sile bars and scanned at a rate of 108C/min. For PEI,
samples were heated from 20 to 3008C, cooled to 208C,
and then heated a second time to 3008C. For CF PEEK,
samples were heated to 4008C, cooled to 208C, and
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then heated again to 4008C. Analysis was performed
using the software resident in the DSC7. Tg values
were taken from inflection point of the second heating
run. Melting properties of CF PEEK were taken from
the peak of the first heating run to reflect cystallinity
after molding.

Mechanical testing

Samples were tested in tension using an INSTRON1

5582 test machine equipped with a 100 kN static load
cell and extensometer (ASTM D638). Most samples
were elongated at 2 mm/min and 238C. Alternatively,
some were tested at other speeds or temperatures
to examine any potential rate or temperature effects.
Five samples of each type were tested for yield stress,
yield strain, breaking stress, breaking strain. Moduli
and strain energy densities were determined from
stress–strain curves. For notched samples, notch size,
breaking stresses, breaking strains, moduli, and strain
energy densities were used to calculate fracture ener-
gies. Averages and standard deviations were calcu-
lated for each specimen type tested.

Microscopy

The fracture interfaces of the bimaterial composites
were investigated using both optical microscopy (OM)
and scanning electronmicroscopy (SEM). For OM, thin
slices were cut from the interfacial regions to improve
the transmittance of light, and images were captured
using a Nikon SMZ1500 microscopy with magnifica-
tions as high as 100�. However, at 100�, the depth of
focus became too shallow to clearly distinguish surface
features. To obtain higher magnification, the fracture
surfaces were coated with a 5 nm layer of platinum
prior to SEM imaging at 200�with a Jeol 6500. (Magni-
fications greater than 200� severely limited the view-
able area andwere not used in this study.)

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) spectra were
obtained using a Quantum 2000 instrument (Physical
Electronics). A monochromatic Al Ka line was used for
excitation source. All the spectra were taken using a

458 take-off angle (the angle between the sample sur-
face and the detector).

RESULTS AND DISCUSSION

Flow and thermal properties

Table I shows the flow and thermal characteristics of
the materials used in both the monolithic specimens
and the composites. MFR from the molded specimens
of the CF PEEK and PEI fell within manufacturers’
specifications and were unchanged compared to val-
ues measured for the resin, suggesting that no degra-
dation occurred during molding. Thermal properties
of the various monolithic and bimaterial were in gen-
eral agreement with literature values.12–16 Amorphous
PEI had a glass transition temperature, Tg, of about
2208C. On the other hand, the partially crystalline CF
PEEK had a glass transition temperature, Tg, around
1458C and a melt temperature, Tm, of 3488C. The crys-
talline fraction, xc, in the CF PEEK was �35%, which is
the maximum attainable crystallinity for PEEK under
typical injection molding conditions.

Unnotched samples

Stress–strain behaviors

Figure 2 shows the stress–strain behaviors of a typical
PEI/CF PEEK bimaterial composite at room tempera-
ture (l1¼ l2¼ 0.5, v¼ 2mm/min). The curve formono-
lithic CF PEEK and the initial portion of a PEI curve are
presented together for comparison. PEI/CF PEEK com-
posites broke without yielding at lower strains than
those from the monolithic CF PEEK specimens and
their breaking stresses were much lower. Table II sum-
marizes the mechanical properties at room tempera-
ture. Properties for the monolithic specimens are in
general agreement with literature values.8,9,12,22–24 The
CF PEEK specimens were approximately four times
stiffer than the PEI specimens. This means that at room
temperature, the PEI portion of the bimaterial specimen
experiences 4� the strain of the CF PEEK portion.

Figure 3 shows the relation between tensile modu-
lus, E, and temperature, T, for monolithic PEI, mono-
lithic CF PEEK, and the PEI/CF PEEK bimaterial
composites (l1 ¼ l2 ¼ 0.5). There was little change

TABLE I
Summary of Materials Characterization

Materials MFR (dg/min) Tg (8C) Tm (8C) DH (J/g) xc (%)

PEI 8.8 6 0.3 219 6 1 NA 0 0
CF PEEK 39.8 6 0.6 149 6 3 346 6 1 40.9 6 2.7 38 6 3
PEI from PEI/CF PEEK 10.9 6 0.2 220 6 1 NA 0 0
CF PEEK from PEI/CF PEEK 42.6 6 0.7 146 6 1 345 6 1 35.6 6 1.9 33 6 2

MFR, melt flow rate; Tg, glass-transition temperature; Tm, melt temperature; DH, melt
enthalpy; xc, crystalline fraction; NA, not applicable.
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in stiffness of the materials of construction until tem-
peratures reached their respective glass transition
temperatures, Tg ¼ 2208C for PEI and Tg ¼ 1458C for
PEEK. However, there was a slight dip in the mod-
uli of both PEI and CF PEEK due to secondary ther-
mal transitions in the vicinity of 50–758C for PEI and
25–508C for CF PEEK.23 Above 2208C, the amorphous
PEI was a viscous liquid, completely void of struc-
tural integrity. On the other hand, the partially crys-
talline CF PEEK maintained some of its rigidity up to
its melting temperature, Tm ¼ 3458C.

The stiffness of the PEI/CF PEEK composites was
determined to a large degree by the thermal character-
istics of the PEI. The stiffness of the PEI/CF PEEK com-
posites declined only slightly with increasing tempera-
ture up to the Tg of PEEK. Above 1458C, the PEEK ma-
trix softened and the stiffness of PEI and CF PEEK was
nearly identical. With further increases in temperature,
the PEI/CF PEEK composites follow the path of PEI.
Moduli calculated from eq. (14) agreedwell withmeas-
ured values for all composites. More details regarding
the mechanical properties of the PEI/CF PEEK bimate-
rials can be found elsewhere.25

Notched samples

Stress–strain behavior

Figure 4 shows stress–strain behavior of CF PEEKwith
a 2 mm notch at room temperature. Stress increased

linearly with strain, falling off slightly before breaking.
No yielding was observed; all the breaks were abrupt
and on several occasions, fragments were ejected. PEI
samples with a 2 mm notch showed similar linear
stress–strain behavior with different break stress and
strain values. However, PEI/CF PEEK bimaterial
showed deviation from linear curve and will be dis-
cussed in the following section.

Effect of notch size

In all cases, larger notches gave lower breaking stresses
and breaking strains. Because the stress–strain behav-
ior of monolithic CF PEEK and the PEI were more-or-
less linear, it was possible to construct linear plots of
breaking stress versus the inverse half power of the
notch size (a�1/2), shown in Figure 5. The points are ex-
perimental data. The solid lines represent linear regres-
sion that has been forced to pass through the origin.
Using the slope of these lines and the tensile moduli of
unnotched samples in conjunction with eq. (18), frac-
ture energies were determined to be G** ¼ 2 kJ/m2 for
monolithic CF PEEK and the G** ¼ 3.6 kJ/m2 for PEI.
The PEI/CF PEEK data showed more complicated
trend and linear regression did not give a good result.

The PEI/CF PEEK data also were analyzed using a
more general approach. Strain energy densities were
determined by integrating stress–strain curves up to
the point of crack initiation, eq. (16), and then comput-
ing fracture energies,G, with eq. (15). Figure 6 shows G
values for PEI/CF PEEK with various notch lengths.
Fracture energies are summarized in Table III for the
materials of construction as well as their series com-
posite. The differences among G,G*, andG** are due to
the nonlinearity of the stress–strain curves. G values
for monolithic PEI and CF PEEKwere in general agree-
ment with values reported by other investigators.26–29

PEI/CF PEEK bimaterial composites were not as tough
as monolithic PEI specimens, but showed greater
toughness than amorphous commodity polymers such
as PS.30

The larger variation observed in the breaking
stresses, breaking strains, and fracture energies of
the composite samples probably arose from a variety
of sources: variation in the shape of the interface,
notch location relative to the interface, as well as
sample handling and placement. (The standard devi-

Figure 2 Stress versus strain curves for unnotched bima-
terials (T ¼ 238C, v ¼ 2 mm/min).

TABLE II
Tensile Properties of the Materials of Construction and Bimaterial Composites

(unnotched, l1 5 l2 5 0.5, T 5 238C, v 5 2 mm/min)

Materials sy (MPa) ey (m/m) sb (MPa) eb (m/m) E (GPa)

PEI 103 6 1 0.071 6 0.001 101 6 2 0.78 6 0.07 3.2 6 0.1
CF PEEK NY NY 129 6 1 0.018 6 0.001 12.0 6 0.4
PEI/CF PEEK NY NY 60 6 5 0.014 6 0.001 4.9 6 0.2

NY, no yield.
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ation for the unnotched PEI/CF PEEK also was
considerably larger than the unnotched monolithic
specimens, Table II.)

Rate dependence of fracture energies

Monolithic and composite specimens with 2 mm
notches were pulled at strain rates ranging from 1.5
� 10�4 s�1 to 7.3 � 10�2 s�1 (v ¼ 1–500 mm/min) to
uncover any potential rate effects. Figure 7 shows
fracture energy versus strain rate. No rate depend-
ence was observed for the strain rates examined.

Temperature dependence of fracture energies

Fracture energies also were measured at various
temperatures. Results are shown in Figure 8. With
increases in temperature, G values for PEI increased

slightly and decreased after around 1258C. The G
values for CF PEEK and PEI/CF PEEK remained
almost the same until the Tg of PEEK and decreased
beyond the Tg.

Figure 3 Modulus, E, versus temperature, T, for PEI, CF
PEEK, and PEI/CF PEEK bimaterial composites (l1 ¼ l2
¼ 0.5, T ¼ 238C, v ¼ 2 mm/min).

Figure 4 Stress versus strain for CF PEEK with a 2 mm
notch (T ¼ 238C, v ¼ 2 mm/min).

Figure 5 Breaking stress, sb, as a function of notch size,
a, (a) for monolithic CF PEEK and (b) for monolithic PEI
(T ¼ 238C, v ¼ 2 mm/min).

Figure 6 Fracture energy, G, versus notch size, a, for
PEI/CF PEEK bimaterials (T ¼ 238C, v ¼ 2 mm/min).
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Interface analysis

Microscopy

PEI/CF PEEK samples showed crack propagation in
the immediate vicinity of the interface due to high
associated stresses.31–35 Fracture apparently occurred
in a cohesive fashion with the crack propagating
through the CF PEEK in close proximity to the inter-
face, leaving a thin layer of CF PEEK on the PEI.
Turned on end, the fracture surfaces of the PEI and CF
PEEK segments were indistinguishable—both resem-
bled CF PEEK. Figure 9 shows the OM images of an
unnotched PEI/CF PEEK fracture interface. Images are
from the more transparent PEI side. The top picture
represents the whole cross section of sample and the
bottom picture is a more highly magnified view of
the center region. Higher magnification showed that
the fracture surfaces were covered with clusters of car-
bon fiber surrounded by fiber-free areas. Fiber-free
areas had the yellowish cast of PEI. Thus, from OM
alone, it was not clear if these fiber-free regions were
completely covered by PEEK or not.

Figure 10 shows the SEM images of the PEI/CF
PEEK interface from PEI side. Although OM revealed
fiber-free areas, impressions left by carbon fiber were

evident everywhere on the fracture surface, an addi-
tional indicator that failure likely occurred inside the
CF PEEK.

XPS spectra from the fracture surfaces

Figure 11 shows the XPS spectra from the PEI/CF
PEEK fracture surface. From the microscopy analysis,
the failure was believed to occur mostly inside the CF
PEEK layer. XPS analysis confirmed this. Nitrogen
exists in PEI, but not in PEEK. The PEI side showed no

TABLE III
Fracture Energies of the Materials of Construction

and Bimaterial Composites
(l1 5 l2 5 0.5, T 5 238C, v 5 2 mm/min)

Material G (kJ/m2) G* (kJ/m2) G** (kJ/m2)

PEI 4.5 6 0.9 4.3 6 0.4 3.6 6 0.7
CF PEEK 2.8 6 0.3 2.6 6 0.3 2.0 6 0.2
PEI/CF PEEK 1.9 6 0.3 1.8 6 0.2 1.5 6 0.3
PC/CF PEEK 1.6 6 0.6 NM 1.2 6 0.5
PS 1.4 6 0.3 NM 1.2 6 0.2

NM, not measured. Data for PC/CF PEEK and PS were
taken from Ref. 6.

Figure 7 Fracture energy, G, versus strain rate, e0, for PEI,
CF PEEK, and PEI/CF PEEK bimaterials (T ¼ 238C).

Figure 8 Fracture energy,G, versus temperature, T, for PEI,
CF PEEK, and PEI/CF PEEK bimaterials (v¼ 2mm/min).

Figure 9 Optical microscopy pictures of the fracture sur-
faces of an unnotched PEI/CF PEEK bimaterial composite
(PEI side). The two images have different magnifications.
The top image has a magnification of 10�; the bottom one
has 100�. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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evidence of nitrogen. The XPS spectra from the two
fracture surfaces were identical. Both showed the char-
acteristic peaks associated with PEEK, substantiating
that the PEI side was indeed covered by thin layer of
PEEK. Refer to the Appendix for more information
regarding the XPS spectra of PEI and PEEK.

The combination of the good interfacial adhesion,
carbon fibers acting as stress initiators, and the lower
yield stress of PEEK matrix23 compared to PEI prob-
ably led to failure through the CF PEEK.

Comparison to PC/CF PEEK from earlier studies

Compared to PC/CF PEEK bimaterial composites
evaluated in earlier studies,6 the PEI/CF PEEK speci-

mens examined here showed higher modulus (þ25%),
higher breaking stress (þ67%), and a greater fracture
energy (þ20%). The improvement in breaking stress
of the PEI composites relative to the PC composites is
greater than that expected from increased stiffness
alone. PEI is miscible with PEEK whereas PC is not.
Themiscibility between PEI and PEEK led to a stronger
interfacial bond. The cohesive fracture of the PEI/CF
PEEK was rather uniform and left a thin layer of
CF PEEK on the PEI. In contrast, the fracture of PC/CF
PEEK composites was adhesive in nature with interfa-
cial failure in the center of the specimen and fragments
of PC attached to the edge of CF PEEK.

CONCLUSIONS

Bimaterial composites were constructed by injecting
CF PEEK into a mold containing one-half of a PEI
specimen. Specimens were notched and tested in ten-
sion. Using fracture mechanics, the adhesion strength
of the interfaces (a fracture energy with units of
energy per area) was calculated from notch size and
stress–strain behavior of the notched specimens. Frac-
ture energies of the composites were less than the
materials of construction, yet indicated a strong adhe-
sive bond. Variations in test speed had little effect on
fracture energy. Fracture energies, however, did de-
cline slightly with increasing temperature.

All specimens broke in the general vicinity of the
bimaterial interface. Microscopy and XPS confirmed
cohesive fracture through the CF PEEK, leaving a
thin layer of CF PEEK on the PEI. The excellent ad-
hesive strength exhibited by the PEI/CF PEEK was
attributed in part to the miscibility of PEI and PEEK.
The strength of the adhesive bond of PEI/CF PEEK

Figure 10 SEM photographs of an unnotched PEI/CF
PEEK bimaterial composite fracture surface (PEI side).

Figure 11 XPS spectra of the fracture surfaces of a PEI/CF PEEK composite.
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composites is greater than the cohesive strength of
amorphous commodity polymers such as PS.

APPENDIX: X-RAY PHOTOELECTRON SPECTRA
OF PEI AND PEEK

Figure A1 shows the chemical structure and XPS spec-
tra of PEI and PEEK. PEI has carbon, oxygen, nitro-
gen, and hydrogen in its structure. (Hydrogen is not
detected by XPS.) The elemental ratio from the XPS

spectrum is in good agreement with the ratio from the
chemical structure. From the magnified image of C1s

region, detailed information on the oxidation state of
carbon atom can be obtained. The C1s peak at 285 eV
is dominated by carbon that is bonded to other carbon
atoms. Carbon in the imide group has a higher oxida-
tion state and manifests itself as a small shoulder peak
at 288.3 eV. In the case of O1s peak, oxygen from imide
group and ether group had only slightly different
binding energies. Clear separation of these two peaks

Figure A1 XPS spectra of monolithic PEI and PEEK surfaces.
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that reside near 532–533 eV is quite difficult. That
said, the ratio of ether-to-imide oxygen is 1–2 for PEI.
O1s showed an asymmetric peak according to this ox-
ygen ratio. On the other hand, nitrogen showed a dis-
tinct peak at 400 eV.

PEEK contains only carbon, oxygen, and hydrogen.
The carbon atoms in PEEK can be separated into three
groups. The carbon atoms in the aromatic ring that
are attached only to other carbon atoms showed a
major peak at 285 eV. The carbon attached to oxygen
and carbon in carbonyl group show peaks at slightly
higher binding energy and make the whole C1s peak
look asymmetric. The aromatic ring of PEEK shows a
very small shake-up peak at 292.5 eV. The difference
between the oxygen in ether and carbonyl group in
the O1s peak also is small and showed one asymmetric
peak near 532–533 eV. The shoulder at a lower bind-
ing energy (532 eV) belongs to the ketone groups of
PEEK. In contrast to PEI, PEEK has more oxygen in
the ether group.
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