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Examination of the thermophysical bond of
insert-molded PC/C fiber composites
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The adhesive strength of a thermophysical bond between two polymers has been
examined using fracture mechanics. Bimaterial composite specimens were constructed by
injecting C fiber polyetheretherketone (PEEK) into a mold containing one-half of a
polycarbonate (PC) dogbone. The resulting series specimens were notched at the interface
and tested in tension. Adhesion of the two materials was reasonably good, as
demonstrated by fracture surfaces that showed a mixture of PC and C fiber PEEK
fragments. Interfacial fracture energy of the composite was approximately 1.5 kJ/m?, which
is comparable to the cohesive strength of amorphous commodity polymers. Variations in
test speed (below the glass transition temperature of the two components, approximately
140°C) had no appreciable affect on stiffness or fracture energy. However, fracture energies
decreased slightly as temperature increased. © 2000 Kluwer Academic Publishers

1. Introduction Tensile strainsg, were determined from sample elon-
Although fracture toughness of polyetheretherketoneation, AL, and its initial length[,
(PEEK) composites has been widely discussed in the e=ALJL. )

literature [1-7], PEEK composites constructed by insert , ) )
molding with other engineering polymers have receivedl€nsile moduliE, were computed as stress over strain,
little attention. Insert molding often involves molding a Where strains were small and the materials were linearly
higher performance polymer, such as PEEK, onto a lesglastic ¢ < 0.01),

expensive one. This approach provides an economical E=o0/s. (3)
method of producing higher performance products at
reduced cost[8, 9]. In some cases, itis agood alternati
to polymer blends.

An important feature in many insert-molded prod- g’ =v/L. (4)
ucts is good adhesion between the materials. In thi
study, the adhesive strength of the interface betweez_ X . .
polycarbonate (PC) and C fiber PEEK has been ext ig. 1 shows the central portion of a series composite

amined using fracture mechanics. Composite tensilée_nsne specimen. The two materials have different ten-

specimens were constructed by injecting C fiber PEE lle moduli €, andE), whereE, < E. Each segment
into a mold containing one-half of a PC dogbone to 1as the same cross-sectional area and the same frac-

create a thermophysical bond. The interface acts as%\qngl 'ﬁﬂgth Ly/L =Lo/L I=d1/f2). Whe_nhlor?d s ap-
flaw or stress riser of unknown size. In order to performP '€d: this composite sample deforms with the same av-

a controlled measurement, notches were intentionall{fF29€ Stress in each component. However, because the

introduced into specimens, then notched samples we aterials differ in stiffness, the individual components
tested in tension. Effect of notch size, test speed an o not deform to the same extent. The stiffer material
temperature weré examined for the cémposite as we eforms less while softer material deforms more. As a

as the materials of construction (PC and C fiber PEEK)irjzspu;z(tjgeo?]ptﬁ]aerenqto(sjtli;fingfstshzf fggi\zgwglos:ﬁq;gﬁgi:;sn

E; andE,, as [12-19]
2. Analysis =
2.1. General mechanics E=——122_
Tensile stresses;, were calculated using elongation (E1+ E)
force, F, divided by the undeformed cross-sectional
area,A[10, 11], 2.3. Fracture mechanics

The adhesive strength of the interface and the com-

o=F/A (1) ponent materials were determined using fracture

Vg\l/elocity of elongation (crosshead speed)and initial
gample length were used to estimate strain edfe,

.2. Mechanics of composite specimens

(%)
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lithic and bimaterial composite specimens. The C fiber
PEEK compound contained20% short C fiber.

3.2. Sample preparation

Bimaterial composites were fabricated by first molding
L PC dogbones and then cutting them in half with a band-
saw. Half pieces were inserted back into the dogbone
mold and C fiber PEEK was injected.
L Dogbones were notched at their midpoint for fracture
2 energy measurements. For the composite specimens,
this corresponded to placing the notch at the interface.
Fig. 2 shows notch orientation. First, a scroll saw with
0.64 mm blade was used to cut within 0.5 mm of the

. . . . . desired depth. Then, a universal style utility blade was
Figure 1 The central portion of a series composite specimen com- . ;
prised of two materials with different tensile modui; and Ez, where mou_nted In an INSTROR' 5582 test machme to CUtl
E; < Es. the final 0.5 mm. A specimen was placed in the tensile
tester and the blade was brought into contact with its
edge near the notch. After resetting gauge length and
centering the partially cut notch, the blade (crosshead)
was moved downward at 2 mm/min until the prepro-
grammed notch length was reached. Notch lenath,
was varied between 1 mm and 4 mm.

3.3. Mechanical testing
Samples were tested in tension using an INSTRON
5582 test machine equipped with a 100 kN static load
cell and extensometer. Gage length of the test machine
was set at 115 mm. With the ASTM D638 Type 1 dog-
bones employed here, the effective gage length was
L ~ 100 mm. Most samples were tested &tQ3ising

(a) (b) a crosshead speed of 2 mm/min & 3 x 1074 sY).

Alternatively, some were pulled at other speeds or tem-

Figure 2 The central portion of tensile specimens with a single edgeP€ratures to examine any potential rate or tempera-
notch of lengtha. (a) monolithic specimen. (b) bimaterial composite ture effects. Five samples of each type were tested
with a notch at its interface. for yield stress, yield strain, breaking stress, breaking
strain. Moduli and strain energy densities were deter-

. . . : . . mined from stress-strain curves. For notched samples,
mechanics. Fig. 2 shows tensile specimens with a single

edge notch. The fracture energi@, were calculated notch size, breaking stresses, moduli, and/or strain en-
9 : 9IES, i ergy densities were used to calculate fracture energies.
from the notch lengthg, and the mechanical response

of notched specimens as [20, 21] ég(carr]agpeesc?mngns‘:%gard deviations were calculated for
G = 25rau, (6)

. . . 3.4. Microbeam wide angle x-ray
whereU is the strain energy density to break (or area diffraction (MBWAXD)

under the stress-strain curve) was computed by inte- Crvstallinity and fiber orientation near the interf
grating the stress-strain curve up to its breaking point ystallinity a er orientation near the interface
were examined by microbeam wide angle x-ray

U =o(e)de. (7) diffraction (MBWAXD) [22-24]. Samples were
microtomed and then photographed using a matrixing

If specimens broke at small strains with a linear stressmicrobeam x-ray camera mounted on a 12 kW Rigaku
strain response, approximate values of fracture energiRu 200B) rotating anode generator operated at 40 kV
were estimated from breaking stressgs as, and 150 mA. The x-ray beam was monochromatized

using a nickel foil.
. 1.25r acy 8 This microbeam technique allows one to examine
- E ) 8) very small regions, with spatial resolution of 10@n.

Starting at the interface, x-ray photographs were taken

along 100um steps, moving out normal from the inter-
3. Experimental face into both the PC and the C fiber PEEK. The bulk
3.1. Materials and skin of C fiber PEEK was also examined by taking
Polycarbonate (PC), C fiber polyetheretherketoneseveral x-ray photographs along a parallel line, three
(PEEK), and polystyrene (PS) were used to mold monomillimeters from the interface.

G*
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TABLE | Tensile properties of unnotched specimens

Material oy (MPa) ey (mm/mm) op (MPa) ep (MM/mm) E (GPa)

PC 60+ 1 0.062+0.001 6641 104 £0.01 23+0.1

C fiber PEEK NY NY 129+ 1 0.018+0.001 120404

PCIC fiber PEEK NY NY 46+ 8 0.013+0.004 39402
PC/PC NY NY 33+ 14 0017+ 0.009 2540.1

NY: No yield.

4. Results and discussion [29]. At higher temperatures, stiffness decreased dra-
4.1. Unnotched samples matically for all specimens. Stiffness of the composite

Table | shows the tensile properties of unnotched speciwas dominated by PC. Modulus values calculated from

mens at room temperature. Properties for both PC and €quation 5 agreed well with measured values.

fiber PEEK agreed well with literature values [25, 26].

Unnotched PC elongated about 6% before yielding with

considerable necking; failure occurred at 90% elonga4.2. Stress-strain behavior of

tion with a breaking stress of 66 MPa. C fiber PEEK notched samples

elongated less than 2% before breaking at 130 MPa. Fig. 4 shows a typical result for notched PC/C fiber

did not yield. For PC/C fiber PEEK composites, stressPEEK composites. The stress-strain response was lin-

increased linearly with elongation; samples broke with-ear. Failure occurred abruptly at or near the interface.

out yielding ate ~ 1.4%. Fractures surfaces showed a mixture of PC and C fiber
It is well known that interfaces can act as flaws orPEEK. Monolithic C fiber specimens behaved simi-

stress raisers. To demonstrate the effects of the intetarly. Stress increased linearly with strain, falling off

face on specimen strength, PC/PC composites samplsightly before breaking. On several occasions frag-

were molded and tested. Results are included in Table ments were ejected as specimens broke.

Although modulus of the PC/PC composite was equal Notched PC behaved differently. As notched PC sam-

to that of single shot monolithic PC, the presence of theples were elongated, the material adjacent to the notch

interface greatly reduced its strength. The overmoldegielded and necked down. Stresses continued to climb

PC/PC composite failed without yielding at 2% elon- slightly as the notch or crack began to grow. A 5% devi-

gation, resulting in a 50% reduction in breaking stressation in the compliance from an equivalent unnotched
Unnotched specimens were pulled at strain rates uppecimen was used to designate the initiation of crack

to 8 x 1072 s1. Variation in rate had little effect on growth in notched PC specimens [30].

the mechanical properties of the unnotched samples.

Moduli were invariant. Stresses increased very slightly

with increasing strain rate. Similar findings have been4.3. Effect of notch size

reported by other investigators [27]. In all cases, larger notches gave lower breaking stresses
Fig. 3 shows the relation between tensile modulusand breaking strains. Because the stress-strain behavior

E, and temperaturd,, for the materials of construction of monolithic C fiber PEEK and the PC/C fiber PEEK

and the composite. There was little change in stiffnessomposite were more-or-less linear, it was possible to

for any of the specimens until temperatures reached theonstruct linear plots of breaking stress versus the in-

glass transition temperatur&,j of the respective ma- verse half power of the notch siza1/2), shown in

terials, about 140-15C for both PC [28] and PEEK Figs 5 and 6. The points are experimental data. The

solid lines represent linear regression that has been
forced to pass through the origin. Using the slope of
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Figure 3 Tensile modulusE, versus temperaturd;, for unnotched € (mm/mm)

monolithic PC, monolithic C fiber PEEK, and PC/C fiber PEEK compos-
ites (T =23°C,&’ = 3x107*s™1). (e ), monolithic PC; @), monolithic Figure 4 Stressg, versus strairg, for PC/C fiber PEEK composite with
C fiber PEEK; &), PC/C fiber PEEK composite. a2mmnotchT = 23°C,¢’ =3 x 104s71).

5429



90 TABLE Il Fracture energies at room temperatafe£ 3x 10~4s™1)

Material G (kJ/n?) G* (kJ/n?)
60 - PC 85+0.9 —
o SP3000E B+03 20+0.2
b SP3000E/PC 5+06 12+05
(MPa) PC/PC 31+15 22+04
PS 14+0.3 12+0.2
30 1
12
0 r x T
0 10 20 30 40 i é
-172 -1/2 | T
a ™ (m™) 8 ¢ #
G
Figure 5 Breaking stressy,, as a function of notch size, for mono- (kJ/mz)
lithic C fiber PEEK T = 23°C, ¢’ =3 x 10 4s™1).
4
45 : - i l
3 A 1 N
0 . T
30 0 2 4
Gy a (mm)

MPa
( ) 5 Figure 7 Fracture energy, versus notch sizeg (T = 23°C, ¢’ =
1 3x 104 s71). (e ), monolithic PC; @), monolithic C fiber PEEK; A),
PC/C fiber PEEK composite.

0 10 20 30 40 raiser. Nevertheless, the fracture energy of the PC/C
fiber PEEK composite was comparable to amorphous
commodity polymers such as PS or PMMA [18].

Results from the notched PC/PC composite further
demonstrate the effect of an interface, Table Il. They
failed catastrophically without yielding, giving a much
lower fracture energy than monolithic PC.

The larger variation observed in the breaking
these lines and the tensile moduli of unnotched samstresses, breaking strains, and fracture energies of the
ples in conjunction with Equation 8, fracture energieSComposite samples probably arose from a variety of
were determined to b&* = 2.0 kJ/n¥ for monolithic  sources: variation in the shape of the interface, notch
C fiber PEEK and th&* = 1.2 kJ/n? for PC/C fiber  |ocation relative to the interface, as well as sample han-
PEEK composite. dling and placement. (The standard deviation for the

The non-linear fracture behavior of PC required aynnotched PC/C fiber PEEK and PC/PC composite also

more general analysis. Strain energy densities were dgvas considerably larger than the unnotched monolithic
termined by integrating stress-strain curves up to th&pecimens, Table I.)

point of crack initiation, Equation 7, and then comput-

ing fracture energie%;, with Equation 6. Fig. 7 shows

G values for PC with various notch lengths along with 4.4. Rate dependence of fracture energies

results for monolithic C fiber PEEK and the PC/C fiber Monolithic and composite specimens with 2 mm

PEEK compositeG values for PC were independent notches were pulled at strain rates ranging from

of notch lengthG = 8.5 kJ/n¥. 2x10°stt08x 102s! (v = 0.1 mm/min to
Fracture energies are summarized in Table 1l for thec00 mm/min) to undercover any potential rate effects.

materials of construction as well as their series com¥ig. 8 shows fracture energy versus strain rate. No rate

posite.G values for monolithic PC and C fiber PEEK dependence was observed for the strain rates examined.

were in general agreement with values reported by other

investigators [1, 2, 7, 31]. PC is a material known for

its toughness. Thus, it's not surprising that it exhib-4.5. Temperature dependence

ited a fracture energy that is much greater than C fiber ~ of fracture energies

PEEK. Although the fracture behavior of the PC/C Fracture energies also were measured at temperatures

fiber PEEK composite was similar to monolithic C fiber as high as 140 (approximately the onset of the

PEEK, its fracture energy was lower. This was due, inglass-rubber transition for both PC and PEEK). Results

part, to presence of the interface, which acts as a stresge shown in Fig. 9. With increases in temperat@e,

a—1/2 (m—l/Z)

Figure 6 Breaking stressyy, as a function of notch size, for the PC/C
fiber PEEK compositel = 23°C, ¢’ = 3x 1074 s71).

5430



12

G
(kJ/m®)
4 J
| | Ii o
i a1 1!
0 : : : : .
10¢ 105 10* 103 102 10! 10°

g (s

Figure 8 Fracture energy(G, versus strain rates’ (T =23°C, a=
2 mm). (), monolithic PC; @), monolithic C fiber PEEK; A), PC/C
fiber PEEK composite.
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Figure 9 Fracture energys, versus temperaturg&, for monolithic PC,
monolithic C fiber PEEK, and PC/C fiber PEEK composites<2 mm,
¢ =3 x 10% s71). (e), monolithic PC; @), monolithic C fiber PEEK;
(A), PC/C fiber PEEK composite.

values for PC dropped from 8 kJ#to less than 2 kJ/f
at 140C. In accordance with previous work [32],

the fracture energy for C fiber PEEK decreased only g

slightly with temperature. On the other ha&lyalues

for PC/C fiber composites showed changes that were
intermediate to those exhibited by the materials of con?-

struction, decreasing from 1.6 kFrat room tempera-
ture to 0.5 kd/mat 140C.

PC interface and in the skin was more pronounced —
C fibers were strongly aligned parallel to the inter-
face/surface.

5. Conclusions

Bimaterial composites failed at or near the interface.
Fracture surfaces showed a mixture of PC and C fiber
PEEK, suggesting good adhesion. Fracture energies of
the composites were less than the materials of con-
struction, yet indicated a reasonably strong adhesive
bond. The strength of the adhesive bond of PC/C fiber
PEEK composite is comparable to the cohesive strength
of amorphous commodity polymers, such as PS or
PMMA. Variations in test speed had little affect on stiff-
ness or fracture energy. Fracture energies, however, did
decline slightly with increasing temperature.
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