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The mechanical properties of insert-molded
poly (ether imide) (PEI)/C fiber poly (ether ether
ketone) (PEEK) composites

C. W. EXTRAND*, S. BHATT, L. MONSON

Entegris, 3500 Lyman Blvd., Chaska, MN 553818, USA

E-mail: chuck_extrand@entegris.com

The mechanical properties of insert-molded poly(ether imide) (PEl)/carbon fiber
poly(etheretherketone) (CF PEEK) have been examined. Bimaterial composite specimens
were constructed by injecting CF PEEK into a mold containing one-half of a PEI tensile
specimen. These PEI/CF PEEK composites retained much of their strength and dimensional
integrity at temperatures as high as 200°C. Variations in test speed had little affect on
breaking strains or stiffness. For two grades of PEl examined, properties were independent
of the molecular weight of the PEI. Ultimate properties and fracture surfaces suggested
good adhesion between the PElI and CF PEEK, possibly aided by miscibility between the
two materials. The PEI/CF PEEK bimaterial composites behaved similarly to PC/CF PEEK
specimens, but exhibited higher breaking stresses and moduli, both at room and elevated
temperatures. © 2001 Kluwer Academic Publishers

1. Introduction

Insert molding often involves molding a higher per-
formance polymer, such as poly(etheretherketone)
(PEEK), on to a less expensive one. This approach mar-
ries the best features of both materials and provides 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 construction of poly(carbonate) (PC)/carbon fiber
polyetheretherketone (CF PEEK) containers for the
transportation and storage of silicon wafers [3-7].
Poly(etherimide) (PEI), like PC, is a rigid, amorphous
polymer. However, it has several advantages over PC,
such as greater stiffness, better chemical resistance, a
higher glass-rubber transition temperature [8—10], and
better flame retardancy. Also, PEI is miscible with
PEEK [11-15], which potentially could lead to im-
proved adhesion. These properties make PEI an at-
tractive alternative to PC where higher performance is
required.

In this study, the mechanical properties of PEI/CF
PEEK composites were examined. Composite tensile
specimens were constructed by injecting CF PEEK into
a mold containing one-half of a PEI dogbone. The hot,
molten CF PEEK melts the PEI interface. As the inter-
face solidifies, a thermophysical bond is formed. The
resulting composite specimens were tested in tension to
determine the influence of polymer molecular weight,
test speed, and temperature.
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2. Analysis

2.1. Thermal properties

The crystalline fraction, X, for CF PEEK was calcu-
lated as [16]

X. = (AH/Hp)/(1 — Xq), ey

where Xt is filler fraction, A H is the melting enthalpy,
and H is the enthalpy for melting of 100% crystalline,
unfilled PEEK, Hy= 130 J/g [17].

2.2. General mechanics
Apparent tensile stresses, o, of monolithic and compos-
ite samples were calculated using the elongation force,
F, divided by its initial or undeformed cross-sectional
area, A [18-20],
o =F/A. 2)
Apparent tensile strains, €, were determined from sam-
ple elongation, AL, and its initial length, L,
e=AL/L. 3)
Apparent tensile moduli, £, were computed as stress

over strain, where strains were small and the materials
were linearly elastic (¢ < 0.01),

E=o0/e. “4)

Velocity of elongation (crosshead speed), v, and initial
sample length were used to estimate strain rate, &',

¢ =v/L. &)
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Figure 1 The central portion of a series composite specimen com-
prised of two materials with different tensile moduli, £ and E;, where
E| <E,.

2.3. Mechanics of the composite specimens
Fig. 1 shows the central portion of a bimaterial compos-
ite tensile specimen. The specimen is comprised of two
materials in series with tensile moduli of £ and E»,
where E| = E;. Both segments have the same cross-
sectional area, A, but the relative length of each com-
ponent, L and L,, can vary [4, 7, 20-27]. When load
is applied, the bimaterial composite deforms with the
same average stress in each component, independent of
fractional length,

o = 0] = 0;. (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,
&, in the composite sample is the sum of the strain in
each of the components,

e =AL/L = ke + (1 —A)ez, (7

where
M =L/L, (3)
Ay = Lo/L, )
ey = AL{/Ly, (10)
£y = ALy/L,, (11)

and

M+ I =1 (12)

Thus, the apparent stress generated within a bimaterial
composite specimen depends on the applied apparent
strain, component moduli, and component fractional
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lengths,
o=EE/[MEy+ (1 —X)E]e. (13)

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

E =EEy/[MEy+ (1 —AEq]. (14)

3. Experimental

3.1. Materials

Two grades of poly(ether imide) (PEI) and one grade
of C fiber poly(ether ether ketone) (CF PEEK) were
used to mold monolithic and bimaterial composite spec-
imens. The PEI grades were unfilled and differed only in
their number-average molecular weight, M. For PEII,
M~12x10* g/mol; for PEI2, M ~ 1.1 x 10* g/mol.
Both had a polydispersity, Z, of 1.9. The CF PEEK
compound contained <20% short C fiber (M ~ 3.1 x
10* g/mol with Z x2.4).

3.2. Sample preparation

Monolithic specimens (ASTM D638 Type 1) were
made by injection molding of PEIl1, PEI2, and CF
PEEK. Bimaterial composites were fabricated by cut-
ting monolithic PEI specimens in half with a bandsaw,
inserting a half-piece back into the mold, and then in-
jecting CF PEEK.

3.3. Materials characterization

3.3.1. 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 four hours at 150°C. Approximately six grams of
material were loaded into the instrument. Barrel tem-
peratures were 337°C for PEI and 385°C for CF PEEK.
After preheating for 6 minutes, a 6.6 kg load was ap-
plied to the PEI and 5.0 kg load to CF PEEK (ASTM
D1238-98).

3.3.2. Differential scanning calorimetry
Glass transition temperatures, T, and melting tempera-
tures, Tp,, were determined using a Perkin-Elmer DSC7
differential scanning calorimeter, DSC. Three (3) sam-
ples, with masses of 4 mg to 7 mg, were taken from
tensile bars and scanned at a rate of 10°C/min. For PEI,
samples were heated from 20°C to 300°C, cooled to
20°C, and then heated a second time to 300°C. For
CF PEEK, samples were heated to 400°C, cooled to
20°C, and then heated again to 400°C. Analysis was
performed using the software resident in the DSC7. T,
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 better reflect its
cystallinity after molding.

3.4. Mechanical testing

Specimens were tested in tension using an Instron®
5582 test machine equipped with a 100 kN static load
cell (ASTM D638). Gage length (distance between the



clamps) was set at 115 mm. Most specimens were tested
at 2 mm/min (¢' =3 x 10~% s~1). Alternatively, some
samples were tested at other rates, from 0.1 mm/min
to 500 mm/min (¢'=1x 102 s ' t0 7 x 1072 s71). A
convection oven was used to test at temperatures, T,
up to 220°C. Samples were heated in the oven for 20
minutes to achieve thermal equilibrium prior to test-
ing. An extensometer was used to measure strains at
temperatures <200°C (the upper operating limit of the
extensometer). Five samples were tested at each rate
and temperature. Stress versus strain curves were plot-
ted and used to determine yield stresses and strains,
breaking stresses and strains, and moduli.

4. Results and discussion

4.1. Materials characterization

4.1.1. Flow properties

Table I shows the flow characteristics of the materials
used in both the monolithic specimens and the compos-
ites. Melt flow rates, MFR, from the molded specimens
of the CF PEEK and two grades of PEI fell within manu-
facturers’ specifications and were unchanged compared
to values measured for the resin, suggesting that no
degradation occurred during molding.

4.1.2. Thermal properties

Thermal properties of the various monolithic and bi-
material specimens, also listed in Table I, were in gen-
eral agreement with literature values [12—-16]. PEI had
a glass transition temperature, Ty, of about 220°C.
CF PEEK had a glass transition temperature, T, around
145°C and a melt temperature, Tp,,, of 348°C. The crys-
talline fraction, Xy, in the CF PEEK was approximately
35%, which is the maximum attainable crystallinity for
PEEK under typical injection molding conditions.

4.2. Mechanical properties

4.2.1. Stress-strain behavior

Fig. 2 shows the stress-strain behavior of a typi-
cal PEI1/CF PEEK bimaterial composite (A; =0.5) at
room temperature along with a curve for monolithic
CF PEEK and the initial portion of a PEI1 curve. PEI1
specimens yielded after elongating 7% and then broke
at 80% elongation with a stress of 100 MPa. CF PEEK
broke at 1.8% strain without yielding. PEI1/CF PEEK

TABLE I Summary of materials characterization®
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/
/
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I/ — — CFPEEK
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g (mm/mm)

Figure 2 Stress, o, versus strain, €, for PEI1, CF PEEK, and a PEI1/CF
PEEK bimaterial composite (A1 =0.5) at 25°C.

composites also broke without yielding at strains that
were only slightly less than those from the monolithic
CF PEEK specimens, but their breaking stresses were
much lower.

Table II summarizes the mechanical properties at
room temperature. Data for PC and the PC/CF PEEK
composites are included for comparison [4, 7]. Proper-
ties for the monolithic specimens are in general agree-
ment with literature values [8, 9, 12, 28-30]. The CF
PEEK specimens were approximately four times stiffer
than the PEI specimens. No difference was observed in
the mechanical properties of the two grades of PEL
For rigid thermoplastic polymers moderate changes in
molecular weight usually do not affect the short-term
mechanical performance.

The nearly identical mechanical properties of the
PEI/CF PEEK bimaterial composites from two grades
of PEI were curious. As PEI and PEEK are misci-
ble [11-15], some extent of interdiffusion should have
occurred. If PEI and PEEK chains did mingle at the
interface, one might have expected the lower viscos-
ity PEI2 (shorter chains) to diffuse into the CF PEEK
faster and to a greater depth than the PEI1 [31], possibly
leading to better adhesion and higher breaking strains
[32-34]. However, there was no difference between the
two grades of PEI Either little molecular mixing oc-
curred before solidification, or more likely, mixing was
sufficient to reach the maximum attainable adhesion for
the given processing conditions. It has been shown for
a number of glassy [35, 36] and partially crystalline
polymers [37] that toughness of a bimaterial interface

MFR T, Tm AH X

Material(s) (dg/min) [§®) [§®) AJ/g) (%)
PEI1 8.8+0.3 219+1 - 0 0
PEI2 19.0+1.2 217+1 - 0 0

CF PEEK 39.84+0.6 149+3 346+ 1 409+2.7 38+3
PEI1 from PEI/CF PEEK 10.94+0.2 220+ 1 - 0 0
PEI2 from PEI/CF PEEK 20.7+1.4 216+ 1 - 0 0

CF PEEK from PEI1/CF PEEK  42.6+0.7 146 +1 345+ 1 35,6+ 1.9 33+2
CF PEEK from PEI2/CF PEEK  45.5+0.5 137+2 344+ 1 33.5+04 31+1

*MFR is melt flow rate. T is glass transition temperature, Tp, is melt temperature, AH is melt enthalpy, and X is crystalline fraction, determined

from Equation 1.
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TABLE II Tensile properties of the various materials of construction and bimaterial composites (A; =0.5) at T =25°C and v =2 mm/min®

Oy Ey Ob &b E

Material(s) (MPa) (m/m) (MPa) (m/m) (GPa)
PEII 1031 0.071£0.001 101+2 0.78 +£0.07 32+0.1
PEI2 105+1 0.070 £0.001 101£6 0.81£0.12 3240.1
CF PEEK NY NY 12941 0.018 £0.001 120+ 0.4
PEI1/CF PEEK NY NY 60+5 0.014£0.001 49+0.2
PEI2/CF PEEK NY NY 60+5 0.013 £0.002 5.1£0.1
PC 61+1 0.060 £ 0.001 66+ 1 1.04£0.01 24+0.1
PC/CF PEEK NY NY 361 0.011 £0.004 39+0.1
2Yield stress, oy; yield strain, gy; break stress, op; break strain, ey; modulus, £; no yield, NY.
‘stitched’ together by polymer chains is independent of 90
molecular weight. In this case, the adhesive strength is
dictated by the number of polymer chains that cross the
interface [38]. 60 - A 1 L

Crack propagation was initiated in the immediate G, 8 ! *
vicinity of the interface due to high associated stresses (MPa)
[21-25]. Examination of the fracture surfaces sug- 30 |
gested that PEI/CF PEEK produced a strong bond.
Fracture of the PEI/CF PEEK composites left a very
thin layer of CF PEEK on the PEI. Turned on end, the
fracture surfaces of the PEI and CF PEEK segments 0 ' ' '
were indistinguishable—both resembled CF PEEK. 0.00 0.25 0.50 0.75 1.00
This cohesive failure implies that the bond between 2%

the PEI and CF PEEK was stronger than the cohesive
strength of the CF PEEK. The combination of the car-
bon fibers acting as stress initiators and the lower yield
stress of PEEK matrix [29] compared to PEI probably
led to failure through the CF PEEK. In contrast, PC/CF
PEEK composites showed fracture surfaces with a mix-
ture of PC and CF PEEK [4].

The PEI/CF PEEK composites were stiffer and
stronger than their PC/CF PEEK counterparts. While
yield and breaking strains of PEI and PC were similar,
PEI yielded with stresses that were 40% greater than
PC. PEI also was 33% stiffer. The greater strength and
stiffness of the PEI manifested itself in the composites.
The PEI/CF PEEK composites (A =0.5) were 67%
stronger than their PC/CF PEEK counterparts and 25%
stiffer.

4.2.2. Influence of PEl fraction

By changing extensometer position, it was possible to
test composites with a wide range of effective compo-
sitions. Fig. 3 shows breaking stresses, oy, for PEI1/
CF PEEK composites with different fraction lengths of
PEI A;. The points represent experimental data. Even
though the relative length of PEI varies, as expected,
stresses were constant, as per Equation 6. The solid
line represents an average value (59 MPa). Composites
made with PEI2 behaved similarly.

Fig. 4 shows breaking strain, &y, versus fractional
length of PEIl, Ay, for PEI/CF PEEK composites.
Points are experimental data. The solid line represents
linear regression. As the modulus of the CF PEEK was
much greater than the modulus of PEI, strains were not
uniform throughout the specimens—the softer PEI de-
formed more than its stiffer counterpart. Consequently,
shifting extensometer position to increase the relative
proportion of PEI (A; —> 1) increased the breaking
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Figure 3 Breaking stress, oy, versus fractional length, A1, of PEI for
PEI1/CF PEEK bimaterial composites (25°C and v =2 mm/min).
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Figure 4 Breaking strain, ¢y, versus fractional length, A, of PEI for
PEI1/CF PEEK bimaterial composites (25°C and v =2 mm/min).

strain. As expected from Equation 7, changes in appar-
ent breaking strain were linear with relative component
length.

Fig. 5 shows the apparent moduli, E, for PEI1/CF
PEEK composites where the fractional length of the
PEI, A, was varied. The points are experimental data.
Points at A; = 0 represent monolithic CF PEEK; points
at A =1 are for monolithic PEI. The moduli of the
composites were intermediate to the moduli of the in-
dividual components, decreasing with PEI fraction. The
solid line was calculated according to Equation 14.
Agreement between measured and predicted values was
excellent.

Values of A also were varied by changing the clamp
position, rather than extensometer position. Apparent
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Figure 5 Modulus, E, versus fractional length, A, of PEI for PEI1/CF
PEEK bimaterial composites (25°C and v =2 mm/min). The solid line
was calculated according to Equation 14.

modulus was not affected by changes in clamp posi-
tion. However, changes in clamp position altered spec-
imen compliance and consequently, influenced break-
ing stresses and breaking strains. (Ultimate properties
depend upon specimen compliance and flaw size [39]).

4.2.3. Rate dependence

Monolithic and composite specimens were pulled at
different rates to uncover any strain rate effects. With
the exception of modest increases (=20%) in yield and
breaking stresses, the mechanical properties were rate
invariant. Similar findings have been reported by other
investigators [29, 30, 40].

4.2.4. Temperature dependence

Fig. 6 shows the breaking stress, oy,, versus temperature,
T, for CF PEEK and the PEI1/CF PEEK composites
(A1 =0.5). Breaking stresses for both materials tended
toward zero as temperature increased. The decline in
breaking stress for CF PEEK was more pronounced
above the T, of PEEK, 145°C. Breaking properties of
monolithic PEI were not measured at elevated temper-
atures due to travel limitations of the mechanical test
equipment, but its yield properties can be found in the
Appendix.
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0 . ~ —a
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T (°C)

Figure 6 Breaking stress, oy, versus temperature, 7, for CF PEEK and
PEI1/CF PEEK bimaterial composites (A} =0.5).
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Figure 7 Breaking strain, ey, versus temperature, T, for CF PEEK and
PEI1/CF PEEK bimaterial composites (A} =0.5).
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Figure 8 Modulus, E, versus temperature, T, for PEI1, CF PEEK, and
PEI1/CF PEEK bimaterial composites (11 =0.5). Data for PC and a
PC/CF PEEK bimaterial composite (A; =0.5) data are included for
reference.

Breaking strain, &y, versus temperature, T, for CF
PEEK and the PEI1/CF PEEK composites (A} =0.5)
are shown in Fig. 7. Breaking stains were steady up to
the T, of PEEK. As temperature was increased further,
breaking strains of the monolithic CF PEEK specimens
increased, while breaking strains of the PEI/CF PEEK
composites declined.

Fig. 8 shows the relation between tensile modulus,
E, and temperature, T, for monolithic PEI1, mono-
lithic CF PEEK, and the PEI1/CF PEEK bimaterial
composites (A; =0.5). There was little change in stiff-
ness of the materials of construction until temperatures
reached their respective glass transition temperatures,
T, =220°C for PEI and T, = 145°C for PEEK. How-
ever, there was a slight dip in the moduli of both PEI
and CF PEEK due to secondary thermal transitions in
the vicinity of 50-75°C for PEI and 25-50°C for CF
PEEK [29]. Above 220°C, the amorphous PEI was a
viscous liquid, completely void of structural integrity.
On the other hand, the partially-crystalline CF PEEK
maintained some of its rigidity up to its melting tem-
perature, T, = 345°C.

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
composites declined only slightly with increasing
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Figure 9 Yield stress, oy, versus temperature, T, for monolithic PEI1
and CF PEEK.
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Figure 10 Yield strain, ey, versus temperature, 7', for monolithic PEI1
and CF PEEK.

temperature up to the T, of PEEK. Above 145°C, the
PEEK matrix softened and the stiffness of PEI and CF
PEEK were nearly identical. With further increases in
temperature, the PEI/CF PEEK composites follow the
path of PEIL. Composites constructed with PEI2 gave
the same results.

Data for PC and the PC/CF PEEK bimaterial com-
posites (A =0.5) are included for comparison [6]. The
PC/CF PEEK composites failed above 150°C as the
PC began to flow. Moduli calculated from Equation 14
agreed well with measured values for all composites.

5. Conclusions

PEI and CF PEEK can be used to create insert-molded
bimaterial composites. These PEI/CF PEEK compos-
ites retained much of their strength and dimensional
integrity at temperatures up to 200°C. Variations in
test speed had little affect on breaking strains or stiff-
ness. Ultimate properties and fracture surfaces sug-
gested good adhesion between the PEI and CF PEEK,
possibly aided by miscibility between them. For two
grades of PEI examined, properties were independent
of viscosity (molecular weight) of the PEI. The PEI/CF
PEEK composites were stronger and stiffer at room
temperature than analogous PC/CF PEEK composites
and retained their mechanical integrity at much higher
temperatures. Therefore, insert-molded composites of
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PEI/CF PEEK should have better dimensional stability
and a higher continuous-use temperature (by 50-70°C)
than PC/CF PEEK.

Appendix

Figs 9 and 10 show the yield stress, oy, and yield strain,
&y, versus temperature, T, for monolithic PEI1 and CF
PEEK. For PEI, both stresses and strains decreased lin-
early with increasing temperature up to the onset of the
glass transition temperature, T,. This linear decline in
the yield properties has been noted by other investiga-
tors [29, 30, 40] and often is described using an Eyring
rate activated process. At temperatures well below the
T, of PEEK, CF PEEK failed at low strains without
yielding. However, at temperatures near or above its
T,, CF PEEK yielded. oy values of CF PEEK increased
with temperature, while &, decreased.
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