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SYNOPSIS 

The recent high demand of thermoplastic composites has induced an extensive experi- 
mentation and utilization of polyamides as thermoplastic sheet composites. The hand layup 
technique was used for the preparation of the glass fiber polyamide composites studied 
here. The percentage crystallinity of the composites was determined with a variety of 
techniques such as differential thermal analysis (DTA) , wide-angle X-ray diffraction 
(WAXD) patterns, and density measurements. Glass transitions ( T8) and melting tem- 
peratures (T,)  were determined with DTA and dynamic mechanical thermal analyzer 
( DMTA) measurements. Finally, the mechanical properties ( stress-strain curves and 
compression tests) were investigated and the results were correlated to the glass fiber 
content, the void content, and the percentage of the comnomer unit (caprolactam and 
laurolactam) in the polyamide composite. 0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

The currently predominant matrix resins for com- 
posites continue to be the thermosetting polymers 
due to their low viscosity (especially in the liquid 
state) and their facile impregnation into the fiber 
bundle before the occurrence of curing.',' However, 
a number of arising disadvantages connected to the 
production of thermosetting composite resins such 
as the limited shelf life of the polymers, variation 
of composite properties, Iong curing times, limited 
recyclability, and inadequate impact properties have 
recently oriented more research work toward the 
utilization of the thermoplastic c0mposites.2,~ 

The following methods have been used for the 
production of thermoplastic long- and short-fiber 
composites: extrusion, solvent impregnation, ' hand 
l a y ~ p , ~  film stacking, melt fluidized 
impregnation of expanded fiber bundles,' deposition 
of a polymer powder/fiber mixture from a water- 
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based slurry, 2*7-9 autoclave bag molding, filament 
winding, lo,'' pultrusion, 1~12-14 injection molding, 1,4~15 
and stamping.I6 

The present article investigates the effect of 
introducing short glass fibers in a series of 
(co)polyamides (nylon G/nylon 12). Previous 
studies in the field of glass/carbon fiber thermo- 
plastic polyamide composites were focused mainly 
on homopolyamides such as nylon 6, l7,l8 nylon 11, l9 

nylon 12, 1 6 7 1 9  nylon 6.10, 19,20 and blends of the latter 
with polycarbonate,'l*'' which are the most common 
engineering plastics. 

The applicability of this study lies in the growing 
interest in the use of thermoplastic matrices such 
as polyphenylene sulfide ( PPS ) 23 and p~lyamides'~ 
or, generally, semicrystalline thermoplastic 
polymers" for the preparation of composite mate- 
rials. The advantages of using the semicrystalline, 
thermoplastic (co ) polyamides over the thermosets 
as matrices consist of 

a. the possibility of controlling their percent- 
age crystallinity in order to "tailor" the 
physical or the chemical properties of the 
(co)polymers instead of the degree of curing 
(thermosets) 23; 
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b. 
c. the enhanced composite toughnessI6; 
d. 

their inherent ease of processing16; 

the more easily repairability than that of 
the thermosets, and 
the possibility of their eventual recycling, 
which is very crucial due to the currently 
extensive pollution of the environment with 
nonbiodegradable and/or nonrecyclable 
poIymer~. '~J~ 

e. 

EXPERIMENTAL 

Materials 

The homopolyamides (nylon 6 and nylon 12) and 
the (co)polyamides CL/LL (mol/mol 75/25, 501 
50, and 25/75) (where CL and LL are caprolactam 
and laurolactam, respectively) were provided in 
powder form by CIBA-GEIGY S.A. The short glass 
E-fibers were also supplied by CIBA-GEIGY S.A. 

Preparation of the (Co)polyamide Composites- 
Hand Layup Method 

The mold used for the fabrication of the composite 
sheet consisted of one middle frame, in which two 
plates were fitted at  the top and bottom, respec- 
tively." The molding setup for glass-fiber reinforced 
( co) polyamide rods was reported previously." E- 
glass fiber-reinforced (co) polyamide nylon 6/nylon 
12 composite (cross-ply ) sheets were molded by the 
hand layup technique." The molding box was kept 
inside an electric furnace chamber under a load of 
2.5 kg on the upper part of the mold at a temperature 
T,,, of +20"C for 30 min. The excess (co)polyamide 
nylon 6/nylon 12 was squeezed out from the mold. 
The molding box was removed from the furnace and 
cooled down according to the following techniques4 : 

( a )  quenched in ice water; 

( b ) 
(c)  

cooled in the air a t  room temperature; and 
cooled gradually in the oven. 

The thickness of the fabricated glass fiber-reinforced 
(co)polyamides were 1.5 mm ( 2  ply), 3 mm (4  ply), 
3.5 mm (6  ply), 4 mm (8 ply), and 5 mm (10 ply) 
with fiber volume fractions of 0.15,0.225,0.3,0.375, 
and 0.45, respectively. 

Characterization of the Neat (Co) polyamides and 
of the (Co)polyamide Composites 

Density Measurements 

Densities were determined at 23"C, pycnometri- 
 ally,'^ with toluene and using a CC14/EtOH density 
gradient column (Davenport) using polymer sam- 
ples previously degassed at  0.1 mmHg for 2 h.26 

Differential Thermal Analysis (DTA) 
Measurements 

The glass transitions (T,) and the melting points 
(T,) were determined using a DuPont differential 
thermal analyzer (DTA, 900) connected to an IBM 
computer PC/2 and a Hewlett-Packard Colour Pro 
plotter. The heating rate was 5"C/min and the tem- 
perature range was from -50°C to T,,, +20"C. The 
calibration of temperature and heat enthalpy (J /g)  
of the DTA were made with indium. Five measure- 
ments were recorded per sample. Glass transitions 
( Tg)s) were defined as the midpoints of step changes 
in heat capacities (AC,); melting points and crys- 
tallization temperatures were defined as the peaks. 

Dynamic Mechanical Thermal Analysis (DMTA) 
Measurements 

DMTA measurements were carried out using a PL- 
DMTA (MarkII, UK)  connected to an Olivetti 
PC286 and a Hewlett-Packard Colour Pro Plotter. 
The heating rate was 5"C/min; frequency, 1 Hz, and 
dimensions of the bars, 40 mm long, 7 mm wide, and 
3.2 mm thick. Five measurements were recorded per 
sample. Tan 6 (  = E"/E' )  and E" (loss modulus) were 
defined as the peaks of the curves, whereas E' (stor- 
age modulus) was defined by the intersection of the 
extrapolations of the two linear parts. 

Wide-angle X-Ray Diffraction Patterns (WAXDP) 

WAXDP ( 28 = 5-35" ) were recorded using a Philips 
PW 1050 diffractometer. Measurements were taken 
at  intervals of 0.05" with a counting time of 4 s. Five 
measurements were recorded per sample to ensure 
the reproducibility of our results. 

Mechanical Properties 

The tensile tests were conducted on a 5 ton Instron 
universal testing machine (TM-SM 1102, UK) . The 
extension rate was maintained at  1 mm/s. The load 
elongation curves were plotted and tensile modulus, 
tensile strength, tensile stress, and percentage strain 
were calculated from the curves. Compression tests 
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were also carried out and the crushing load was re- 
corded for the evaluation of the compressive 
strength. The tensile specimens were of the following 
geometry: 6 mm width, 30 mm length, and 5 mm 
thickness, whereas the dimensions of the compres- 
sive specimens were 8 mm diameter and 32 mm 
height. A minimum of five measurements was re- 
corded per sample. 

RESULTS AND DISCUSSION 

Determination of the Matrix Crystallinity of 
(Co)polyamide Composites 

Wide-angle X-Ray Diffraction Patterns (WAXDP) 

Although there exist several well-developed theories 
for studying the degree of crystallinity of semicrys- 
talline polymers with WAXD,27-31 the percentage 
crystallinity of the matrices was only recently in- 
vestigated. In this field, there is an excellent research 
work carried out by Spahr and Schultz (who applied 
the Vonk’s theory) on the determination of per- 
centage crystallinity of poly (aryl ether ether ke- 
tone) -carbon fiber composites with X-ray diffrac- 
t i ~ n . ~  

The integrated total intensity Q of the X-rays 
scattered by a semicrystalline polymer reinforced 
with glass fiber can be expressed in terms of a sum 
of integrated intensities of the three contributing 
patterns: 

where is the integrated intensity of the amor- 
phous phase; Qcryst, the integrated intensity of the 
crystalline phase; and Qfiber is the integrated inten- 
sity of the E-glass fiber. 

The theoretical corrections of Vonk’s equation28 
suggested by Spahr and Schultz3 were taken into 
account and, concisely, the idea was to take the dif- 
fraction pattern of the amorphous polymer 
(quenched in liquid nitrogen), of the totally crys- 
talline ( 100% ) polymer, and of the reinforced phase 
(E-glass fiber), scale them, and add them together 
to form a composite pattern. However, this model 
has to allow for several approximations and as- 
sumptions, the most important of which are men- 
tioned below: 

( a )  Since it is virtually impossible to obtain 
a 100% crystalline (co)polyamide, the 
crystalline pattern is simulated by SUP- 
ming a series of peaking c u ~ e s . ’  

(b)  The glass fiber-reinforced (co)polyamides 
are assumed to be completely randomly 
oriented, which is not always the case for 
glass fiber (co)polyamide composites. 

In one of the several equations involved, 
there is the assumption that the defects 
and vibrations associated with one atom 
are independent of the other atoms,3 
which is not true especially in polymers. 

(c )  

Figures 1 and 2 show the curves of neat nylon 12 
50150 mol/mol CL/LL, amorphous nylon 12, and 
50/50 mol/mol CL/LL (quenched in ice water), E- 
glass fibers, and the composite (glass fiber with ny- 
lon 12 and 50/50 mol/mol CL/LL, respectively). 
Both the neat nylon 12 and 50/50 mol/mol CL/LL 
patterns and their corresponding glass fiber com- 
posites were fit by simulating the major peaks within 
the range 5”-35”. The results of these calculations 
are shown in Figures 1 and 2 by the term “calculated 
nylon 12 or 50/50 mol/mol CL/LL reinforced with 
glass fiber.” Although Figures 1 and 2 may present 
the drawbacks of this method more intensely than 
they actually are, they give an overall view of the 
different diffraction spectra involved in the spectra 
of the (co)polyamide composites. The results 

- experimental N,,/glass fiber -____ calculated N,,/glass fiber 

AGA glass fiber 
CIOO amorphous N,, 

10 15 20 25 30 
28 (degrees) - 

of 

I 

Figure 1 Comparison of experimental and calculated 
diffraction patterns for E-glass fiber reinforced nylon 12. 
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----- calculated CLlLL [50/501/gIass fiber 
000 crystalline CL/LL [50/501 
AAA glass fiber 
000 amorphous CLlLL [50/501 

10 15 20 25 30 35 
28 (degrees) - 

Figure 2 Comparison of experimental and calculated 
diffraction patterns for E-glass fiber-reinforced 
(co)polyamide 50/50 mol/mol CL/LL. 

percentage crystallinity obtained from this method 
both for neat and the glass fiber-reinforced 
(co ) polyamides are given in Table I. 

Although the drawbacks of this method for de- 
termining the percentage crystallinity of the com- 
posite matrix have been reported, there are also sev- 
eral important advantages worthy to be mentioned 
in support of this method 

( a )  No knowledge of weight fraction of the 
polymer in the polymer composite is re- 
quired. 

( b )  WAXDP are self-scaling, whereas in 
thermal methods (differential thermal 
analysis, DTA) , extrapolations to the 
100% crystalline polymer are required. 
The presence of defects in crystals is taken 
into account in a reasonable way. 

(c ) 

Differential Thermal Analysis (DTA) 

Although the utilization of DTA in neat polymers 
(not containing fillers or fibers) is a rather straight- 
forward technique despite its inadeq~acies,~' its ap- 
plication to composite materials is further compli- 
cated by the presence of filler or fiber (as in our 
case) that may give rise to a different model of crys- 
tallization. Indeed, apart from the development of 
spherulites occurring via a statistical nucleation 
process in the melt, the presence of such a consid- 
erable surface like the glass fiber could initiate ad- 
ditional nucleation fronts that occur mainly on the 
glass fiber. This phenomenon is widely known as 
transcrystallinity. Figure 3 shows diagrammatically 
the two morphologies, which have been confirmed 
for carbon-filled PEEK, PEK, and PPS samples,34 
which might also be applicable to our glass fiber- 
reinforced (co ) polyamides. When the glass fibers 
are far apart and the matrix is characterized by high 
nucleating density, transcrystalline layers are ex- 
pected to grow out at right angles to the glass fiber 
direction [Fig. 3 ( a )  1. On the contrary, when the 
glass fibers are very closely packed together, the 

Table I Percentage Crystallinity (%X, ) of 
Polyamides Reinforced with Glass Fiber with 
Wide-Angle X-ray Diffraction Pattern (WAXDP) 

CL/LL % Glass-fibre 
(mol/mol) Content % x, 

0/100 

25/75 

50/50 

75/25 

100/0 

0 
15 
30 
45 

0 
15 
30 
45 

0 
15 
30 
45 

0 
15 
30 
45 

0 
15 
30 
45 

28.1 
31.0 
33.8 
36.5 

18.7 
21.2 
24.3 
26.4 

15.0 
16.2 
17.5 
19.4 

26.0 
29.2 
31.3 
33.5 

36.7 
38.9 
41.2 
43.4 
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carbon or 

/ \  
,- glass fibers 7 

nucleation 
site 

Figure 3 Diagrammatic representation of the two pos- 
sible spherulite morphologie~~~ resulting from constrained 
growth in thermoplastic composites: ( a )  high nucleating 
density; (b)  low nucleating density. 

growth of spherulites is very limited and possible 
only along directions parallel to the glass fiber 
[Fig. 3 (b) ] .  

The glass transitions ( T,) , melting points ( Tml , 
Tmz, and, occasionally, Tm3), heats of melting 
( A H m ) ,  and percentage crystallinities ( 9% X , )  of the 
composites for glass fiber-reinforced (co ) polyamides 
of different compositions and for different cooling 
rates are given in Tables 1-111. 

In the polyamide composites consisting of the 
homopolyamides (nylon 6 or nylon 12)  and the E- 
glass fiber, two peaks (endotherms) were observed, 
whereas in the neat homopolymers, there was only 
one melting peak (Fig. 4 ) .  Similarly, three peaks 
were recorded for the (co)polyamide (50/50) com- 
posite, whereas the two peaks for the neat ( 5 0 / 5 0 )  
(co)polyamide should be attributed to different 
morphologies.18 This opinion was corroborated by 
the observation that the lower melting peak did not 
appear to be a shoulder of the higher melting peak 
for the homopolymer composites3* (Fig. 4 ) .  The re- 
ported higher, among the two, melting peak of the 
homopolymer composite, occurring at higher tem- 
peratures than the T, of the neat homopolymer, has 
been previously attributed to the presence of the 
above-mentioned transcrystalline layers, because 
the latter form at higher temperatures during cooling 
due to high nucleation rates.34 The presence of two 

Table I1 
Percentage Crystallinity (% X,) According to Heats of Melting (DTA) for Glass Fiber-reinforced 
(Co)polyamides; Results Give the Average and Standard Deviation of Five Measurements (x f SD) 

Thermal Properties (Glass Transition [T,] , Melting Points [T,], Heats of Melting [AH,] and 

CL/LL % Glass Fiber T g  

mol/mol Content ("C) 

0/100 0 
15 
30 
45 

25/75 0 
15 
30 
45 

50/50 0 
15 
30 
45 

75/25 0 
15 
30 
45 

100/0 0 
15 
30 
45 

40.5 f 1.0 
42.0 f 0.8 
43.8 f 0.6 
45.3 f 1.0 

31.8 f 0.6 
33.0 f 0.5 
34.5 k 0.7 
35.8 f 0.8 

23.4 f 0.4 
25.2 f 0.6 
27.0 f 0.5 
28.4 f 0.7 

35.1 f 0.6 
37.0 f 1.0 
38.3 k 1.2 
39.8 f 0.6 

52.3 f 0.5 
53.7 f 0.6 
54.9 f 0.5 
56.3 f 0.8 

T,, 
("C) 

174.8 f 1.2 
177.0 f 0.6 
181.3 f 0.9 
184.8 f 1.4 

158.3 f 1.0 
162.4 f 0.9 
166.0 f 0.8 
171.0 f 0.7 

146.2 f 0.9 
148.0 t 0.6 
150.6 f 0.9 
153.0 f 1.0 

181.3 f 0.7 
184.5 f 1.0 
188.0 f 0.9 
193.1 f 1.0 

224.5 f 1.6 
226.0 f 0.8 
228.4 f 1.0 
230.2 f 2.0 

- 

157.2 t 0.6 
163.0 f 1.3 
168.0 f 0.9 

141.7 f 0.7 
143.8 f 1.0 
147.0 f 1.0 
150.2 f 0.9 

133.5 f 0.5 
136.1 f 0.4 
140.2 f 0.6 
143.0 k 0.6 

162.0 f 0.8 
165.7 t 0.9 
168.3 f 0.7 
170.9 +- 0.9 

- 

173.2 f 0.9 
180.4 f 0.8 
188.0 * 1.1 

- 

127.3 f 1.0 
131.0 f 0.8 
135.4 f 0.7 

- 

120.2 f 0.3 
124.5 t 0.6 
127.2 f 0.6 

- 

139.2 f 0.4 
142.4 f 0.5 
145.8 f 0.7 

m m  % 
(J /d  XC 

69.5 f 1.3 30.9 
75.2 f 1.6 33.4 
80.3 f 2.1 35.7 
87.5 f 1.9 38.9 

47.8 f 0.8 22.1 
54.1 f 0.7 25.0 
59.5 f 0.9 27.5 
66.7 f 1.3 30.8 

34.3 f 0.5 16.5 
38.1 f 0.6 18.3 
42.6 f 0.7 20.5 
50.3 f 0.9 24.2 

55.9 f 1.3 28.0 
61.5 f 1.5 30.8 
66.6 f 1.7 33.4 
72.2 f 2.0 36.2 

82.0 f 2.0 42.9 
85.0 f 1.8 44.5 
91.3 f 2.3 47.8 
97.4 f 1.5 51.0 
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Table 111 Heats of Melting (AH,,,) and Percentage Crystallinities (% X,) of Glass Fiber-reinforced 
(Co)polyamides (Nylon 6/Nylon 12) with Relation to Different Cooling Rates; Results Give 
the Average and the Standard Deviation of Five Measurements (x k SD) 

Ice Water Air-cooled Oven-cooled 

CL/LL % Glass Fiber u r n  % M f n  % mrn % 
(mol/mol) Content (J/d XC (J/d XC (J/d XC 

25/75 

50/50 

75/25 

~~ ~~ 

0/100 0 
15 
30 
45 

0 
15 
30 
45 

0 
15 
30 
45 

0 
15 
30 
45 

100/0 0 
15 
30 
45 

56.7 f 0.9 
59.4 f 1.2 
62.3 k 0.8 
65.3 f 1.0 

37.0 f 0.7 
40.0 f- 0.6 
43.7 f 0.8 
50.7 5 0.9 

23.9 f 0.6 
27.5 k 0.5 
32.9 f 0.8 
38.1 f 0.7 

43.9 t 1.0 
51.8 5 1.1 
57.2 f 0.9 
64.1 ? 1.0 

65.3 f 1.3 
71.6 f 1.5 
78.0 f 1.2 
86.1 5 1.6 

25.2 
26.4 
27.7 
29.0 

17.1 
18.5 
20.2 
23.4 

11.5 
13.2 
15.8 
18.3 

22.0 
24.9 
27.5 
30.8 

34.2 
37.5 
40.8 
44.3 

69.5 I 1.3 30.9 
75.2 4 1.6 33.4 
80.3 -t 2.1 35.7 
87.5 -+ 1.9 38.9 

47.9 4 0.8 22.1 
54.1 4 0.7 25.0 
59.5 f 0.9 27.5 
66.7 4 1.3 30.8 

34.3 f 0.5 16.5 
38.1 -t 0.6 18.3 
42.6 -t 0.7 20.5 
50.3 f 0.9 24.2 

55.9 f 1.3 28.0 
61.5 -t 1.5 30.8 
66.6 f 1.7 33.4 
72.2 k 2.0 36.2 

82.0 f 2.0 42.9 
85.0 -t 1.8 44.5 
91.3 4 2.3 47.8 
97.4 -+ 1.5 51.0 

76.1 f 1.1 
83.0 f 1.3 
91.6 f 0.9 
99.0 5 1.0 

55.4 f 0.9 
65.4 f 1.1 
75.3 f 1.2 
80.5 f 1.0 

42.4 f 0.7 
47.6 f 0.9 
54.1 ? 1.0 
62.0 f 0.8 

68.4 f 0.9 
75.7 k 1.2 
80.1 5 1.2 
85.7 1.3 

87.9 k 1.6 
97.1 f 2.0 

102.4 f 1.7 
108.9 f 1.8 

33.8 
36.9 
40.7 
44.0 

25.6 
30.2 
34.8 
37.2 

20.4 
22.9 
26.0 
29.8 

32.9 
36.4 
38.5 
41.2 

46.0 
50.8 
53.6 
57.0 

melt endotherms has been also reported for other 
thermoplastic composites consisting of homopoly- 
mers such as PEK, 33 PPS, 34 PEEK,35 PEKK, 35 and 
commercial p ~ l y a m i d e s . ~ ~  

The broad upper peak of the glass fiber-reinforced 
polyamides should, rather, be attributed to the 
homopolyamide (nylon 6 or nylon 12)  initially laid 
down (primary nucleation) and the lower peak to 
secondary nucleation occurring among the initial 
lamellae. This view is supported by previous work 
on nylon 6.6 where the occurrence of two melting 
peaks was attributed to thermodynamically and ki- 
netically favored crystal f0rmation.3~ However, this 
requires additional experimentation with optical 
and, preferably, electron scanning microscopy in or- 
der to substantiate such a hypothesis. 

Finally, the developed percentage crystallinity 
was also investigated in terms of different cooling 
rates. In particular, it was found, as it can be seen 
from Table 111, that slow cooling rates produced 
higher percentage crystallinities, whereas fast cool- 
ing rates (quenching) reduced considerably the per- 
centage crystallinity. 

Density Measurements-Detection of Void 
Formation 

The density measurements were carried out, first, 
to determine the percentage crystallinity (and com- 
pare it to the WAXDP and DTA measurements) 
and, second, to determine the void volume fraction. 
The voids in polymer composites have been attrib- 
uted to several factors, such as entrapment of air 
within compounded pelletized material, residual 
moisture or solvents, release of volatiles due to cure, 
and shrinkage of restraint volume of the core re- 
g i ~ n . ~ , ~ ’  The void volume fraction ( u )  was calculated 
from the measured (p) and calculated (P&d) com- 
posite densities as follows: 

u = l -  P 
Pcalcd 

The solid, void-free density of the composite 
(pcompos.) was calculated from the density of the pure 
(co)polyamide (p,) and that of the glass fiber ( p r )  : 
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162.3-C 
-/ 

t - 

[CLlLL I011001 I .184.2'C I 
N,,lglass fiber 

167.6OC /i 194"c 
161.6"C I 

0 - 
v1 . 
m " - - 

CLlLL I100l0l 224.5'C. 
N6 

temperature ('C) - 
Figure 4 DTA trace for the following neat polymers 
and their glass fiber composites: ( a )  neat nylon 6; (b )  
composite nylon 6; ( c )  neat 50/50  mol/mol CL/LL, (d) 
composite 50/50 mol/mol CL/LL; ( e )  neat nylon 12; ( f  ) 
composite nylon 12. 

( 3 )  
W 1 

Pcornpos. 

-- 

where w is the glass fiber weight fraction (deter- 
mined by burning off the (co)polyamide). 

The crystallinity ( % X c )  of the homopolymers 
(nylon 6 and nylon 12) were determined according 
to the following formula: 

x100 (4 )  Pc.compos.(P - Pa.compos.) 

P (~c.cornpos. Pa.cornpos.) 
- %X, = 

where pc.compos. is the density of the crystalline com- 
posite; pa.compos~, the density of the amorphous com- 
posite; and p, the measured density. The density of 
the crystalline composite was calculated as follows: 

Pcxompos. = { WPf + 1100 - ( u  + W )  1 ~ n . c . p .  } /loo ( 5  ) 

where pn.c.p. is the density of the neat ( 100% ) crys- 
talline polyamide. Similarly, the density of the 
amorphous composite was 

where pn,a.p, is the density of the neat ( 100% ) amor- 
phous polyamide. Therefore, by substituting eqs. (5) 
and ( 6 )  to eq. ( 4 ) ,  we get 

Table IV gives the density values of the neat 
( co ) polyamides and their fiber-reinforced compos- 
ites and the void volume fraction developed at  dif- 
ferent cooling rates. The percentage crystallinities 
determined from density measurements are given 
with the values determined from DTA and WAXDP 
measurements in Table I. Table IV shows that the 
void volume fraction increases with an increase in 
glass fiber content, which is in agreement with the 
results of previous investigations on poly ( phenylene 
oxide ) -polystyrene ( PPO / PS ) /glass fiber and 
mica-reinforced polystyrene ( PS ) .38 

Although several of the above-mentioned factors 
have been occasionally identified as responsible for 
initiating the void formation, it is recognized that 
the formation of bubbles is usually the main rea- 

The bubble formation was described in terms 
of nucleation and growth in a viscous medium and 
was found to depend upon the following factors41 : 

( a )  
( b )  
( c )  temperature and pressure; and 
( d )  cooling rate. 

diffusivity and concentration of the gas; 
viscosity of the polymer melt; 

An attempt was made to study the effect of the 
cooling rate upon the void formation in glass fiber- 
reinforced (co)polyamides (nylon 6/nylon 12). The 
following three modes of cooling were selected 
quenching in ice water, cooling in the air, and cooling 
gradually in the oven. The effect of these cooling 
modes on the density and void volume fraction are 
shown in Figures 5 and 6. The higher void contents 
from Figures 5 and 6 are as follows: quenching in 
ice water > air-cooled > oven-cooled. 

The promotion of higher void contents with 
quenching in ice water, compared to the other two 
cooling modes, could be attributed, as previously, 
to the initial solidification of the external surface 
layers that act against the contraction of the inner 
zones, thus resulting in higher internal void con- 
tents. It should be mentioned that the glass-rein- 
forced ( co ) polyamides of intermediate composition 
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t - 
m 
E 
: 0 

m 

1.4 

1.3 

A air cooled 

I J 
0 15 30 45 

% Glass fiber content - 
Figure 5 Effect of cooling conditions on density vs. the 
glass fiber concentration of glass fiber-reinforced nylon 
12. 

(i.e., 50150 mol/mol CL/LL) exhibit a lesser for- 
mation of void volume fraction than do the homo- 
polyamides (nylon 6 and nylon 12) .  This could be 
attributed to the fact that the intermediate com- 
position (co)polyamides are of lower viscosity (than 
that of the homopolyamides because of their lower 
MW) and, therefore, of greater mobility and less 
proned to the formation of bubbles that may even- 
tually lead to void formation. 

Mechanical Properties 

Tensile Strength 

Typical stress-strain curves showing the effect of 
the glass fiber upon the stress of the (co)polyamide 
(nylon 6/nylon 12) composites were recorded at 
room temperature. An increase in the glass fiber 
content showed a gradual increase in the tensile 
strength of the (co)polyamide composites. 

The most interesting feature of the stress-strain 
curves was the lack of any yielding point for the 
( co ) polyamide composites, whereas the neat 
(co)polyamides (nylon 6/nylon 12) showed definite 
yield points before their fracture. The slope of the 
curves, varied according to the (co)polyamide com- 
position, remained constant up to 10% of strain be- 

fore being reduced to the point of fracture. Tables 
V and VI summarize all the results derived both 
from the stress-strain curves and the compressive 
strength-time (distance) plots for the neat and the 
composite (co)polyamides. 

The simplest way to proceed to the analysis of 
the tensile strength of glass fiber-reinforced 
(co)polyamides is to apply the rule of r n i ~ t u r e s ~ ' , ~ ~  
(provided that matrix and glass fiber are of the same 
Poisson's number)43; i.e.: 

where nu is the tensile strength of the composite; uf, 
the tensile strength of the glass fiber; u,,, , the tensile 
strength of the matrix (in our case (co)polyamide); 
Vf ,  the fiber volume fraction; and n,  the Krenchel's 
efficiency factor ( n  = 0.5 for cross-ply fiber com- 
posites) 

On the basis of experimental data and theoretical 
analysis, W e i b ~ 1 1 ~ ~  suggested a much more simplified 
eq. (9)  given below, which has been already applied 
successfully to composites prepared from E-glass fi- 
ber and nylon 6.6": 

The statistical analysis of strength of composites 
(reinforced with fibers) was conducted by Dow and 
Rosen (cited by Shrivastava and La12') and resulted 
in the following formula: 

t 7 
P 
3 - 
E 0 

u 
._ - 
E 
L 

200 

150 

100 

50 

0 
0 15 30 45 

% Glass fiber content - 
Figure 6 Effect of cooling conditions on void content 
vs. the glass fiber concentration of glass fiber-reinforced 
nylon 12. 
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where ur is the reference stress level depending on 
the particular combination of fiber and matrix 
( (  co)polyamide in our case) properties and p is a 
statistical parameter of the Weibull distribution re- 
lated to the fiber strength, which is equal to 7.7 for 
commercial E-glass fiber.20 

Our experimental results (Tables V and VI) were 
compared to the values obtained from these three 
equations [ (8) - ( lo) ] .  Figures 7-9 show the pre- 
dicted values with comparison to those experimen- 
tally found. It is obvious that eq. (9)  approaches 
closer to the experimental values, as was also ob- 
served in the case of polyamide (nylon 6.6) com- 
posites.20 The discrepancies of the predicted values 
from eqs. (8) and (10) from the experimental 
values could be attributed to the hygroscopic 
(co) polyamide matrix and the void content of the 
(co )polyamide (nylon 6/nylon 12)   composite^.^ 

Tensile Modulus 

Assuming that the (co)polyamide (nylon 6/nylon 
12) glass-reinforced composites are stressed parallel 
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Figure 7 Ultimate tensile strength plotted against glass 
fiber concentration for glass fiber-reinforced 50/50 moll 
mol CL/LL. 
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Figure 8 
fiber concentration for glass fiber-reinforced nylon 6. 

Ultimate tensile strength plotted against glass 

1000 

900 

800 

t - 700 
2 
E 
6 600 
- 
r 

c 
?! 
c 
,n 

r" 500 
c" 

VY c 

400 

300 

200 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Glass fiber volume fraction - 
Figure 9 
fiber concentration for glass fiber-reinforced nylon 12. 

Ultimate tensile strength plotted against glass 



1896 ARVANITOYANNIS AND PSOMIADOU 

to the glass fibers and the strains in the glass fibers 
and (co) polyamide matrices are equal [Fig. 10 ( a )  1,  
it is natural to assume that the strains in the glass 
fibers and the matrices are equal. Then, the stress 
carried by the ( c o )  polyamide composite is 

But since 

then a combination of eqs. (11) and (12) gives 

Obviously, this gives the upper estimate for the 
modulus of the glass fiber-reinforced (co)poly- 
amides. However, if the composite was loaded at 
right angles to the fiber [Fig. 10 (b)  1,  we can assume 

I a )  U 

Strain c, = 
equal in fibres 
f f 1 and matrix 
Im) 

+ 4 0  
1 

t t t t  
Q 

Stress equal in 
fibres ( f and 
matrix Im) 

t t t t  
U 

Figure 10 A glass fiber-reinforced (co)polyamide 
loaded so as to give ( a )  maximum modulus and (b )  min- 
imum modulus after Ashby and Jones.45 
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m c 
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0 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Glass fiber volume fraction - 
Figure 11 Young’s modulus plotted vs. glass fiber con- 
centration for nylon 6 and 50150 mol/rnol CL/LL and 
nylon 12. 

that the stresses of the two components are equal. 
Therefore, the total nominal strain E ,  is the weighed 
sum of the individual strains: 

- v,u 1 - v, --+(+ Ef 

Therefore, by substituting eq. (12)  in eq. (14) ,  we 
get 

Equation (15)  gives the lower limit of the modulus. 
The upper and lower limits of the Young’s (ten- 

sile) modulus for nylon 6, nylon 12, and the 75/25, 
50/50, and 25/75 mol/mol CL/LL and the exper- 
imentally found values are shown for comparison 
purposes in Figure 11. An increase in the percentage 
of glass fiber content in the (co) polyamide com- 
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posites induces an increase in the Young's (tensile) 
modulus and tensile strength for the composites of 
different polyamide composition. The obtained re- 
sults of the Young's (tensile) modulus and tensile 
strength lie in the following order: 

(nylon 6)  or 100/0 > (nylon 12) or 0/100 

> 75/25 > 25/75 > 50/50 mol/mol CL/LL 

where CL = caprolactam monomer for nylon 6 and 
LL = laurolactam monomer for nylon 12. 

The fact that the experimental values are closer 
rather to the lower theoretically predicted limit was 
previously attributed to lack of orientation, due to 
this particular method of preparation, of the 
( co ) polyamide composites." It was also observed 
that the lowest possible discrepancies between 
theoretical and experimental values occur at the 
(co)polyamide composites with the lowest glass fiber 
content. To investigate the previous assumption that 
this phenomenon is due to an increase in void con- 
tent a t  higher glass fiber volume fractions, a detailed 
analysis of void content was carried out (see Density 
Measurements-Detection of Void Formation, 
above) and its correlation with several mechanical 
properties was attempted (see Correlation of Me- 
chanical Properties with Percentage Crystallinity 
and Void Volume Fraction, below). 

Compression Strength 

Although several models for describing the com- 
pressive strength of fiber-reinforced polymer com- 
posites have been occasionally suggested, 2o the two 
most successfully applied equations are as follows: 

Gm 
1 - Vf 

acs = ~ 

where G~~ is the compressive strength in the exten- 
sion mode; a,,, the compression strength in the shear 
mode; Em, the modulus of the elasticity of the matrix 
[ (co)polyamides] ; Ef, the modulus of the elasticity 
of the fiber (glass fiber); and G,, the shear modulus. 

However, eq. (17) can describe satisfactorily the 
behavior of (co)polyamides (nylon G/nylon 12) 
reinforced with glass fibers only when a correction 
factor is introduced into the equation. This correc- 
tion factor was 0.63 for boron-epoxy  composite^,^^ 
0.25 for glass fiber-nylon 6.6 composites," and, in 

our case, varied from 0.100 to 0.140 depending on 
the percentage composition of the (co) polyamides. 
Figures 12 and 13 show schematically the predictions 
of eqs. ( 16) and ( 17), after they have been multiplied 
with 0.63, the predictions of eq. (17) multiplied with 
(0.100-0.140), and the experimental values. 

Correlation of Mechanical Properties with 
Percentage Crystallinity and Void 
Volume Fraction 
The presence of voids in the polymer composites 
has proved to incur a substantial decrease in their 
mechanical properties (i.e., 4% void content, ap- 
proximately 30% decrease in the mechanical prop- 
erties ) .4 

If the tensile strength is plotted vs. the void vol- 
ume fraction, a continuous increase in the tensile 
strength is observed (Fig. 14) despite the develop- 
ment of greater void contents a t  higher fiber con- 
tents. This behavior (similar results were obtained 
for the Young's modulus and compressive strength) 
could be attributed to the development of transcrys- 
tallinity that may counteract the void content effect. 

Although an increase in the percentage crystal- 
linity generally leads to a decrease in the strain to 
failure that is attributed to increased brittleness of 
the polymer with development of crystallinity, 47 the 

4500 

3500 

t 

0 experimental CL/LL 100/0 
A eq [I61 CL/LL 100/0 
0 eq I171 CL/LL 100/0 
0 eq 1171 modified CL/LL 100/0 
A experimental CL/LL 9/50 

eq 1161 CL/LL 9/50 
0 eq 1171 CL/LL 9/50 1 0 e 1171 modified CL/LL 9/50 
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Glass fiber volume fraction - 
Figure 12 
concentration for nylon 6 and 50/50 mol/mol CL/LL. 

Compressive strength plotted vs. glass fiber 
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presence of transcrystallinity was found to enhance 
the interfacial strength between the fibers and the 
polymeric matrix,34 provided that the fiber content 
is less than 60%. Since in our case the maximum 
fiber content is 45%, it could be suggested that the 
positive effect of the transcrystallinity counterbal- 
ances the negative effect of the increased void con- 
tent. However, it was found that if the fiber content 
exceeds the standard 60%, the action of transcrys- 
tallinity is reversed by becoming synergistic with 
the void content. In particular, it was shown that 
weaknesses may arise a t  the interfaces between ad- 
jacent transcrystalline regions, thereby producing 
an area ideal for stress and crack pr~pagation.~' 

CONCLUSIONS 

The percentage crystallinity of the glass fiber-rein- 
forced (co ) polyamides ( nylon 6 /  nylon 12 ) was de- 
termined with three different methods: WAXDP, 
DTA, and density measurements, which showed 
satisfactory accord. Several previously suggested 
models for prediction of the mechanical properties 
were investigated, and modifications in order to ob- 
tain better fit for the experimental results were pro- 
posed. The effect of transcrystallinity upon the 
thermal (creating two crystal morphologies) and 
mechanical properties [promoting the strength of 
(co)polyamide composites] was discussed in con- 
junction with the effect of void content. 

0 eq.1161 CL/Lt O/l@ 
CL/LL 0/1m 

t 

1 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Glass fiber volume fraction 

Figure 13 
concentration for nylon 12. 

Compressive strength plotted vs. glass fiber 
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Figure 14 
for nylon 6, nylon 12, and 50/50 mol/mol CL/LL. 

Ultimate tensile strength vs. void content 
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