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ABSTRACT: Chemical compatibility of a bimaterial composite composed of polycarbon-
ate (PC) and C fiber polyetheretherketone (PEEK) was examined. Series composite
specimens were constructed by injecting C fiber PEEK into a mold containing one half
of a PC dogbone. Specimens were exposed for 2 weeks at room temperature to various
cleaning chemicals that are commonly used in semiconductor fabrication facilities:
deionized water, 0.1% aqueous Triton CL10 surfactant, 0.1% aqueous Alfonic 610-3.5
surfactant, and isopropyl alcohol. To increase the severity of the test, some samples
were strained and/or notched before immersion. After exposure, specimens were tested
in tension and results were compared to their corresponding pre-exposure values. None
of the chemicals affected the strength of the unstrained, unnotched PC/C fiber PEEK
composite. However, isopropyl alcohol and the surfactant solutions caused the strained
specimens to fail (both unnotched and notched) during chemical exposure. The strains
used during exposure were near the respective breaking points of the unnotched and
notched composite. Consequently, only a slight reduction in strength from chemical
exposure was needed to cause failure. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 78:
173–178, 2000
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INTRODUCTION

Insert molding involves injecting a polymer over
another material.1,2 This approach marries the
best features of different materials and provides
an economical method for producing higher per-
formance products at a reduced cost. In some
cases, it is a good alternative to polymer blends.
The mechanical properties and the performance
of the resulting adhesive bond are important con-
siderations for many insert-molded products.
However, little work has been published in this
area,1 particularly for rigid thermoplastics.

Recently, insert-molding has been used in the
construction of polycarbonate (PC)/C fiber poly-
etheretherketone (PEEK) containers for the
transportation and storage of silicon wafers.3

Earlier work on these bimaterial composites ex-
amined the mechanical performance4 and frac-
ture properties.5 Although the strength of the
bimaterial composite and its thermophysical bond
were deemed adequate for the intended applica-
tion, there were concerns that exposure to clean-
ing chemicals may weaken or destroy the bond.

Thus, the chemical compatibility of a PC/C fi-
ber PEEK bimaterial composite and the adhesive
strength of its interface have been examined. Se-
ries specimens were constructed by injecting C
fiber PEEK into a mold containing a fraction of a
PC dogbone to create a thermophysical bond. The
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materials of construction and their corresponding
bimaterial composite were exposed to various
chemicals that might be used to periodically clean
silicon wafer containers in a semiconductor fabri-
cation facility. Strength and toughness of the ex-
posed specimens were compared with values for
their unexposed counterparts. Possible mecha-
nisms for loss of adhesion are discussed, such as
environmental stress cracking6 of the polymers or
attack of the interface itself.7

ANALYSIS

Tensile Stresses and Strains

Tensile stress or tensile strength s was calculated
using the elongation force F divided by its initial
or undeformed cross-sectional area A8–10:

s 5 F/A. (1)

From elongation DL of the specimen and its initial
length L, apparent tensile strain e was computed
as:

« 5 DL/L. (2)

Tensile modulus E was calculated as stress over
strain:

E 5 s/«, (3)

where strains were small and the materials were
linearly elastic (e # 0.01).

Fracture Mechanics

The adhesive strength of the interface and the
component materials were calculated using frac-
ture mechanics. Fracture energy or fracture
toughness G was calculated from the notch length
a and mechanical response of notched specimens
as11,12:

G 5 2.5paU, (4)

where U is the strain energy density to break (or
area under the stress-strain curve), computed by
integrating the stress-strain curve up to the
breaking point:

U 5 s~«!d«. (5)

Retention of Properties

The retention of properties was quantified using
ratios of breaking strength:

sb,f /sb,i (6)

and fracture toughness:

Gf /Gi (7)

where subscripts i and f represent unexposed and
exposed specimens, respectively.

MATERIALS AND PROCEDURE

Materials

Monolithic specimens and bimaterial composites
were constructed using PC and a C fiber PEEK.
The C fiber PEEK compound contained ,20%
short C fiber. The chemicals used for compatibil-
ity testing were deionized (DI) water, 0.1% aque-
ous surfactant solutions of Triton CF10 (a non-
ionic benzyl ether of octylphenylpolyoxylate;
Union Carbide) and Alfonic 610-3.5 (a nonionic
mixture of hexanol, octanol, and decanol that has
been ethoxylated with 3.5 mols of CH2CH2O; Con-
dea Vista), as well as isopropyl alcohol (IPA).
Properties of the various materials (solubility pa-
rameter, surface tension, glass-transition and
melt temperatures) are listed in Table I.13–19

Table I Materials Propertiesa

Material
d

(MPa1/2)
g

(mN/m)
Tg

(°C)
Tm

(°C)

PEEK 20–22 42 144 335
PC 19–20 43 150 —
H2O 48 73 — —
0.1% Triton 17 31 — —
0.1% Alfonic 19 26 — —
IPA 23 22 — —

a Solubility parameters d were estimated for the neat sur-
factants using the Small method13; others were taken from the
literature.13–15 Surface tension g values came from the liter-
ature13,16,17 or the surfactant manufacturers.18 Tg and Tm are
rubber-glass transition temperature and melting tempera-
ture, respectively.13,19
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Sample Preparation

Figure 1 shows the central portion of monolithic
and series composite tensile specimens. Bimate-
rial composites were made by first molding PC
tensile dogbones (ASTM D638 Type 1), cutting
them with a bandsaw, inserting a premolded
piece back into the mold, and then injecting C
fiber PEEK. Dogbones were notched at their mid-
point. For the composite specimens, this corre-
sponded to notching at the interface. Single edge
notches of length a 5 1 mm were made by cutting
the first 0.5 mm with a scroll saw (0.0250 blade)
Then, a utility blade was mounted in a test ma-
chine (Instron, model 5582) and the final 0.5 mm
was cut by pushing the blade into the notch at 2
mm/min.

Contact Angle Measurements

Contact angles were used to measure the wetta-
bility of the various cleaning solvents/solutions on
the materials of construction. PC and C fiber
PEEK dogbones were cleaned by rinsing with
IPA, methanol, and DI water. After drying for
24 h, 3-mL drops were deposited on the dogbones
with a microsyringe (Hamilton Co., Reno, NV),
then an additional microliter was injected in to
each sessile drop to advance its contact line. Ad-

vancing contact angles u were measured from
both sides of each drop using a goniometer (Ramé-
Hart, model 100-00-115). Average values and
standard deviations were calculated from six
measurements.

Chemical Exposure

Some unnotched specimens were placed directly
into the chemicals, whereas other unnotched and
notched specimens were immersed after clamping
in a three-point bending fixture. The desired
strain, f 5 1%, was achieved with a deflection of
d 5 6.5 mm for a bending length of L 5 105 mm
and a sample thickness of D 5 3.2 mm10:

f 5 6dD/L2. (8)

After 14 days of exposure at room temperature,
specimens were removed from the various chem-
icals, rinsed with DI water, and allowed to dry at
least 24 h before testing.

Tensile Testing

Five samples of each type were pulled at 2 mm/
min and 23°C using a tensile test machine (In-
stron, model 5582) equipped with a 100 kN static
load cell and rigid clamps.12 Gage length was 115
mm. Most samples were elongated using an ex-
tensometer; alternately, the ultimate properties
of monolithic PC were measured without an ex-
tensometer.

RESULTS

Contact Angles

Advancing contact angles of the various cleaning
solvents/solutions on PC and C fiber PEEK are
shown in Table II. Water did not wet either ma-

Table II Advancing Contact Angles u of the
Various Solvents/Solutions on PC and C
Fiber PEEK

Solvent/Solution
u on PC

(°)
u on C Fiber PEEK

(°)

H2O 81 6 2 75 6 2
0.1% Triton 27 6 2 12 6 3
0.1% Alfonic 7 6 2 '0
IPA '0 '0

Figure 1 The central portion of tensile specimens
(ASTM D638 Type I dogbone) with a single edge notch
of length a. (a) monolithic specimen, (b) bimaterial
composite composed of PC and C fiber PEEK.
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terial. Values agreed with previously published
results.16,20 The surfactants greatly improved
wetting. IPA and 0.1% Alfonic solution completely
wet both materials (u , 10°).

Mechanical Properties before Exposure

A summary of the mechanical and fracture prop-
erties before exposure is given in Table III. Me-
chanical properties for PC and C fiber PEEK
agreed well with literature values.21,22 Un-
notched PC elongated approximately 6% before
yielding with considerable necking; failure oc-
curred at 90% elongation with a breaking stress
of 66 MPa. On the other hand, unnotched C fiber
PEEK elongated less than 1.3% before breaking
at 110 MPa without yielding. The PC/C fiber
PEEK composite failed at slightly smaller strains
than the monolithic C fiber PEEK. Its modulus
was intermediate to the moduli of the individual
components.4

Fracture energies for PC and C fiber PEEK are
in general agreement with values reported by
other investigators.23,26 PC is a material known
for its toughness. Consequently, it exhibited a
large fracture energy. The fracture behavior of
the PC/C fiber PEEK composite was similar to the
monolithic C fiber PEEK, but its fracture tough-
ness was lower.

Strain (f 5 1%) alone was of little or no conse-
quence. Yield and breaking properties of strained
specimens were nearly identical to their un-
strained counterparts. Moduli of the strain sam-
ples were slightly lower due the permanent set.

Retention of Mechanical Properties after Exposure

All strained (unnotched and notched) PC/C fiber
PEEK composite specimens failed after 14 days of

exposure to the surfactant solutions or IPA. Spec-
imens still intact after chemical exposure were
tested. Table IV shows their retention of tensile
strength and fracture toughness. Ratios of sb,f /
sb,i and Gf /Gi ratios exhibited the same general
trend. In a few cases, Gf /Gi was considerably less
than sb,f /sb,i.

C fiber PEEK was unaffected by exposure.27

For PC and the composite, the added severity of a
strain and/or a notch reduced both strength and
toughness. Loss of strength was more pronounced
in the composite. IPA and both surfactant solu-
tions caused the strained (unnotched and
notched) specimens to fail during immersion.
Even DI water affected the composite. Because
the bending strain used during chemical exposure
(f 5 1%) was near the breaking limit (fb 5 1.3%)
of the composite (Table V) the chemical interac-
tion required to cause failure was minimal.

DISCUSSION

There are two relevant explanations for the ob-
served strength reduction of the composite: wet-
ting of the interface by the solvents/solutions7 or
an environmental stress mechanism.6 The first
postulates that certain chemicals, having low sur-
face tensions, can spread into a polymer–polymer
interface and reduce the surface energy for crack
formation.7 The second (environmental stress
cracking or crazing) requires a stress in addition
to the presence of a swelling liquid. Small flaws or
other stress raisers (such as an interface) increase
local swelling.28 The swelling agent then acts as a
plasticizer, lowering Tg of the polymer and allow-
ing the formation of small cracks or crazes that
weaken the polymer and initiate failure.

Table III Tensile and Fracture Properties of the Materials of Construction and the
Bimaterial Composite

Material
sy

(MPa) «y (mm/mm) sb (MPa) «b (mm/mm) E (GPa) G (kJ/m2)

Unstrained
C fiber PEEK NY NY 129 6 1 0.018 6 0.001 12.0 6 0.4 9.2 6 0.8
PC 59 6 1 0.061 6 0.001 59 6 3 0.87 6 0.09 2.3 6 0.1 2.7 6 0.2
PC/C fiber PEEK NY NY 47 6 8 0.013 6 0.004 3.9 6 0.1 1.6 6 0.3

After two weeks of bending strain (f 5 1%)
C fiber PEEK NY NY 120 6 2 0.017 6 0.000 10.1 6 0.3 9.9 6 1.0
PC 57 6 1 0.061 6 0.001 58 6 2 0.853 6 0.093 2.2 6 0.1 2.9 6 0.5
PC/C fiber PEEK NY NY 36 6 10 0.011 6 0.004 3.4 6 0.2 2.0 6 0.7

NY, no yield.
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As the wetting liquids (the surfactant solutions
and IPA) were no more detrimental toward the
strength and toughness of the unstrained compos-
ite than nonwetting water (Table IV) and strain
was required to weaken the composite, the likely
cause seems to be an environmental stress mech-
anism.

The solubility parameter d is an excellent indi-
cator of the potential for a solvent to swell a
polymer and reduce its Tg. If a solvent and a
polymer have similar solubility parameters, the
solvent can cause swelling. Both PC and PEEK

have solubility parameters similar to the surfac-
tants and IPA (Table I), but PEEK is partially
crystalline and therefore should be less suscepti-
ble to environmental stress attack.6

PC, on the other hand, is an amorphous poly-
mer known for its susceptibility to attack by en-
vironmental agents. The reported critical strain
of PC for crack or craze formation in the presence
of IPA is f > 1.5%.14 The strain used here (f
5 1.0%) did not cause failure in monolithic PC
(Table IV), but the addition of a notch undoubt-
edly raised the stress29 beyond the threshold for
crack or craze formation in PC, and consequently,
led to failure. The Triton surfactant seemed to be
less detrimental toward the monolithic PC. It has
a much higher molecular weight than Alfonic,
which may have hindered (or slowed) penetration
into the stressed regions of PC.

Considering the similarity in the solubility pa-
rameters of PC, the surfactants, and IPA, stress
near the interface of the composite seems to be a
necessary and sufficient condition to cause local-
ized swelling in the PC and thereby failure. The
composite specimen immersed in water, which
has a much larger solubility parameter than the
polymers, experienced a modest loss of strength
and toughness.

Table IV Retention of Tensile Strength (sb,f/sb,i) and Fracture Toughness (Gf/Gi) after 2 Weeks of
Chemical Exposure

Chemical
Unstrained and

Unnotched

sb,f /sb,i (%)
Strained and
Unnotched

Strained and
Notched

Gf /Gi (%)
Strained and

Notched

C fiber PEEK
None 100 6 1 100 6 3 100 6 3 100 6 35
H2O 96 6 1 99 6 4 104 6 7 125 6 61
0.1% Triton 92 6 1 96 6 3 103 6 5 113 6 37
0.1% Alfonic 89 6 2 98 6 4 99 6 5 101 6 28
IPA 94 6 3 101 6 4 101 6 4 103 6 30

PC
None 100 6 1 100 6 3 100 6 4 100 6 20
H2O 97 6 1 101 6 2 103 6 3 87 6 21
0.1% Triton 99 6 1 102 6 2 103 6 4 77 6 14
0.1% Alfonic 88 6 11 99 6 2 56 6 7 10 6 2
IPA 98 6 1 101 6 2 48 6 7 10 6 1

PC/C fiber PEEK
None 100 6 33 100 6 4 100 6 24 100 6 65
H2O 82 6 34 93 6 30 68 6 16 48 6 14
0.1% Triton 95 6 19 0 0 0
0.1% Alfonic 103 6 24 0 0 0
IPA 98 6 20 0 0 0

Table V Bending Breaking Strains (fb) of
Unnotched and Notched Specimensa

Material

fb (mm/mm)

Unnotched Notched

C fiber PEEK 0.025 6 0.001 0.018 6 0.003
PC .0.16 .0.16
PC/C fiber PEEK 0.013 6 0.003 0.013 6 0.003

a v 5 2 mm/min, L 5 105 mm, and D 5 3.2 mm. Notches
were 1 mm in length.

Breaking strains were calculated according to Eq. (8).
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CONCLUSIONS

Chemical exposure had no effect on the tensile
strength or fracture toughness of C fiber PEEK,
even with the added severity of strains and/or
notches. A notch, strain, and 14-day exposure at
room temperature to IPA or aqueous Alfonic sur-
factant reduced the strength and toughness of PC
and the PC/C fiber PEEK composite. The loss in
strength and toughness was attributed to an en-
vironmental stress mechanism.

The authors thank Entegris management for allowing
the publication of this work. Also, thanks to G. Smith
and T. Raser for molding of the test specimens, as well
as E. King, J. McPhee, and B. Wold for assistance in the
mechanical testing.
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