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SY NOPSlS 

A study was conducted on the preparation of composite materials based on novel biode- 
gradable copolyamides reinforced with E-glass fibers by using the hand lay-up technique. 
Differential thermal analysis (DTA) and wide angle x-ray diffraction patterns were employed 
for investigating the effect of transcrystallinity on percentage crystallinity of composites. 
The thermal properties of composites ( Tg and T,) were determined with DTA and dynamic 
mechanical thermal analyzer (DMTA) measurements. Void fractions were evaluated from 
density measurements and correlated to glass fiber contents. The stress-strain curves and 
compression strength measurements were recorded and correlated with the glass fiber con- 
tent, void content, and the percentage amino acid content of the copolymers. Although 
high a-amino acid contents caused a decrease in Tg and T, and the tensile strength of 
copolyamides, the introduction of glass fibers was found to counterbalance this effect by 
initiating an increase in the percentage crystallinity. 0 1995 John Wiley & Sons, Inc. 

INTRODUCTION 

On several occasions, starch has been used with sev- 
eral synthetic nonbiodegradable polymers such as 
polyethylene and ethylene/acrylic acid copolymers 
PVA and PVC for preparing biodegradable paper- 
like composite materials.'-6 In addition to starch a 
variety of other particulate materials such as cel- 
lulose, lignin, saw dust, casein, and mannitol also 
have been suggested as potentially degradable fill- 
ers.' However it should be pointed out that in most 
of the above-mentioned cases probably only the 
natural poly/oligomer undergoes degradation thus 
leaving an almost unaltered porous and mechani- 
cally weakened, but practically undegraded synthetic 
polymer? Therefore, the development of novel bio- 
degradable polymers and their use for preparation 
of composites, endowed with desirable structural 
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features and properties, have recently gained im- 
p ~ r t a n c e . ~  Although D,L- or L-lactide and e-capro- 
lactone seem to be the most popular monomers es- 
pecially in the field of polymeric composite mate- 
rials,"-'* another promising class of polymers are 
the polyamides, whose applicability has been re- 
stricted because of the lack of bi~degradability.'~,'~ 
Our previous publications reported on the statistical 
incorporation of a-amino acids in the polymeric 
chain of polyamides thus modifying, to some extent, 
the main polymeric backbone and making these 
polymers more susceptible to bi~degradation.'~-'~ 
This study investigates the effect of introducing 
short E-glass fibers in a series of copolyamides based 
on AA/l,GHD/~-glycine. Several previous publica- 
tions in the same field reported on the preparation 
and properties of glass/carbon fiber thermoplastic 
homopolyamide  composite^.^^-'^ The current study 
was mainly motivated by the continuous increase in 
demand of thermoplastic matrices as parts of novel 
environmentally degradable polymer composites. 
The inherent advantages of these materials over the 
majority of thermoset materialsz6 such as the control 
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of their percentage crystallinity (physicochemical 
proper tie^):^ ease of processing1 and environmental 
safety are expected to make them even more at- 
tractive from the application viewpoint. 

EXPERIMENTAL 

Materials 

The copolyamides based on AA/l,GHD/~-glycine 
were those reported in previous  publication^.'^.^^ 
The short E-glass fibers were supplied by Ciba-Geigy 
S.A. The molar composition of the above-mentioned 
copolyamides and the characteristics of the short E- 
glass fibers are given in list 1 and list 2, respectively. 

List 1 
Synthesized from Nylon 6,6 Salt and 
L-Glycine Currently Used as Matrices 

Molar Composition of Copolyamides 

AA 1,6HD L-Glycine 
(mol) (mol) (mol) 

50.0 50.0 
47.5 47.5 
45.0 45.0 
42.5 42.5 
40.0 40.0 
37.5 37.5 

0.0 
5.0 

10.0 
15.0 
20.0 
25.0 

List 2 
(Ciba Geigy, S.A.) 

Short E-Glass Fiber Characteristics 

Average fiber length 
Surface treatment 
Density 
Tensile strength 
Elasticity modulus 

3 mm 
Nontreated 
2.54 g/cm3 
3500 MPa 
38.98 GPa 

Preparation of Copolyamide Composites: 
Hand lay-Up Method 

Both the molding box and the method for prepa- 
ration of composites have been previously reported 
in detai1.25s27 When the molding box was taken out 
of the furnace, it was cooled down by using three 
different approaches? quenched in ice water, cooled 
in the air at room temperature, and cooled gradually 
in the oven. 

35 30 25 20 15 10 5 
20 (degrees) 

Figure 1 Comparison of experimental and calculated 
WAXDP for E-glass fiber-reinforced AA/1,6HD/~-gly- 
cine, 40/40/20 (expressed in % mol/mol/mol) copolyam- 
ides: (a) experimental; (b) calculated; (c) simulated 100% 
crystalline; (d) glass fiber; and (e) 100% amorphous. 

Characterization of Neat Copolyamides and 
Copolyamide Composites 

Density Measurements 

Densities were determined at 23"C, pycnometri- 
cally29.30 using a density gradient column (Daven- 
port, UK). The polymer samples were previously 
degassed at 0.1 mmHg for 2 h. The density column 
was constructed by using toluene and carbon tet- 
rachloride with a density range of 0.99-1.40 g ~ m - ~ .  

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 Color Pro 
Plotter. The heating rate was 5"C/min and the tem- 
perature range was from -50°C to T,,, +2OoC. The 
calibration of temperature and heat enthalpy (J/g) 
of the DTA were made with indium. Five measure- 
ments were recorded per sample. T8 were defined 
as the midpoints of step changes in heat capacities 
( AC,); melting points and crystallization tempera- 
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Table I 
Reinforced Copolyamides from WAXDP 

Percentage Crystallinity (%XJ of 

AA/l,GHD/~-Glycine % Glass Fiber 
(mol/mol/mol) Content %X, 

50.0/50.0/0.0 0 32.8 
15 34.5 
30 39.2 
45 42.5 

47.5/47.5/5.0 0 27.7 
15 29.4 
30 33.0 
45 36.6 

45.0/45.0/10.0 0 23.0 
15 25.4 
30 28.1 
45 31.9 

42.5/42.5/15.0 0 14.7 
15 18.0 
30 21.8 
45 25.0 

40.0/40.0/20.0 0 5.6 
15 6.8 
30 8.3 
45 9.2 

15 
30 
45 

- 37.5137.5125.0 0 
- 
- 
- 

tures were defined as the peaks of endothermic and 
exothermic curves, respectively. 

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 Color 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. Tan 6 (=E"/E') and E" (loss modulus) 
were defined as the peaks of the curves, whereas E' 
(storage 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 
PW1050 diffractometer. Measurements were taken 
at 0.05" intervals 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/min. 
The load elongation curves were plotted and ten- 
sile modulus, tensile strength, tensile stress, and 
percentage strain were calculated from the curves. 
Compression tests were also carried out and the 
force was recorded for the evaluation of the com- 
pressive strength. The tensile specimens were of 
the following geometry: 6 mm wide, 30 mm long, 
and 5 mm thick; the dimensions of the compressive 
specimens were 8 mm diameter and 32 mm height. 
A minimum of five measurements were recorded 
per sample. 

Moisture Absorption 

All specimens were first dried at  100°C over silica 
gel in a vacuum oven until constant weight. Then 
they were immersed in water in glass vessels ther- 
mostated at  20, 30, 40, 50, 60, 80, and 100°C. The 
latter (thermostated at  100°C) was equipped with 
a water condenser in order to avoid evaporation 
of water. Eventual weight gains were recorded af- 
ter removing the specimens from the thermostated 
bath, and wiping the superficial moisture traces 
(by using a cloth), and finally weighing them pe- 
riodically on a Chyo balance (Japan) with preci- 
sion of 0.1 mg. 

RESULTS AND DISCUSSION 

WAXDP 

The construction of the diffraction pattern of our 
composite material was made according to the fol- 
lowing steps as reported e l s e ~ h e r e ~ ~ . ~ ~ * ~ ~ :  record the 
diffraction pattern of the totally (100%) amorphous 
polymer (after having it quenched in liquid nitro- 
gen); record the totally (100%) crystalline polymer; 
take the pattern of the reinforced phase; and after 
the required scaling up add the above three patterns 
together so that the composite pattern is formed. 
Therefore, the pattern of the semicrystalline com- 
posite material could be analyzed to its three com- 
ponents: 

where Qamor is the integrated intensity of the amor- 
phous phase; QCwst, the integrated intensity of the 
crystalline phase; and Qeber is the integrated inten- 
sity of the E-glass fiber. 
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Table I1 Thermal Properties for Copolyamides 

AA/1,6HD/~-Glycine % Glass Fiber T g  TmI T,, T m 3  m m  

(mol/mol/mol) Content (“C) (“C) (“C) (“C) (Jld 

50.0/50.0/0.0 0 
15 
30 
45 

15 
30 
45 

15 
30 
45 

15 
30 
45 

15 
30 
45 

15 
30 
45 

47.5147.515.0 0 

45.0/45.0/10.0 0 

42.5142.5115.0 0 

40.0/40.0/20.0 0 

37.5137.5125.0 0 

58.2 f 2.2 
59.0 f 3.1 
59.9 f 1.5 
60.7 f 2.0 
53.0 f 2.0 
53.8 f 1.3 
55.0 f 2.2 
56.1 f 1.9 
52.6 f 1.8 
53.2 f 2.5 
54.4 f 3.0 
55.0 f 2.1 
50.1 f 0.9 
51.0 f 1.8 
52.2 f 2.4 
53.1 f 3.2 
49.8 f 1.2 
50.6 f 1.2 
51.0 f 3.1 
51.6 f 2.0 
48.4 f 1.0 
49.0 f 1.0 
50.2 f 3.3 
50.7 f 2.4 

258.3 f 3.8 
260.0 f 4.1 
261.5 +- 3.4 
262.7 f 4.0 
241.7 f 2.0 
243.3 f 3.2 
244.6 f 3.1 
245.4 f 2.8 
227.5 f 2.1 
228.8 f 3.0 
230.0 f 2.8 
230.9 f 2.5 
212.1 zk 1.8 
213.4 f 2.9 
214.7 f 3.2 
215.9 f 4.0 
201.7 f 1.9 
203.1 f 2.8 
204.5 f 2.0 
206.0 f 3.5 
185.2 f 2.2 
187.0 f 3.5 
188.1 f 2.8 
189.4 f 3.0 

245.0 f 2.6 
246.2 f 2.0 
248.0 f 3.5 
249.6 f 2.5 
230.1 f 3.4 
231.9 f 4.2 
233.2 k 3.1 
234.3 f 2.6 
215.4 f 2.0 
216.5 f 3.2 
218.3 f 2.6 
219.6 f 2.5 
200.4 f 3.0 
201.6 f 3.6 
202.3 f 2.1 
203.1 f 2.5 

195.2 f 3.4 
195.9 f 2.5 
196.8 f 3.0 

178.3 f 2.5 
179.6 f 3.1 
180.5 f 2.8 

- 

- 

- 
227.2 f 4.2 
228.6 f 1.8 
231.2 +- 3.0 

213.2 f 3.2 
214.5 f 2.8 
216.3 f 3.6 

200.4 f 2.8 
201.5 f 3.3 
202.6 f 2.9 

183.7 f 2.8 
184.9 f 3.2 
186.2 f 3.4 

- 

- 

- 

- 
- 
- 
- 
- 
- 
- 
- 

110.6 f 1.3 
114.5 f 2.5 
119.6 f 3.6 
125.2 f 4.2 
99.0 f 3.8 

103.5 f 2.7 
107.8 f 3.5 
112.4 f 4.1 
74.1 f 2.3 
80.4 f 4.5 
84.9 f 3.9 
90.5 f 2.6 
58.7 f 1.8 
62.9 f 2.6 
68.5 f 3.2 
74.6 f 2.6 
47.0 f 1.5 
53.2 f 3.0 
58.5 f 2.5 
64.6 f 3.3 
45.8 f 2.0 
50.4 f 3.5 
56.2 f 2.7 
60.1 f 3.8 

Glass transitions, T,; melting points, T,; heats of fusion, AHrn. Results give the average and standard deviation of five measurements 
( x  + SD). 

Although we should bear in mind that in this 
model the 100% crystalline copolyamide pattern has 
to be simulated and preparation of the randomly 
oriented glass fiber reinforced copolyamides is as- 
~umed,3l-~~ the advantage of this model consisting 
of reliable and reproducible determination of per- 
centage crystallinity should be equally stressed. Fig- 
ure 1 shows curves of neat copolyamide AA/l,GHD/ 
L-glycine (40/40/20) expressed in (% mol/mol/mol), 
traces of amorphous copolymers (quenched in wa- 
ter), E-glass fiber, and their composites (glass fiber 
with the above-mentioned copolymers). Both the 
neat copolyamide patterns and their E-glass fiber 
composites were fit as previou~ly2~.~~ by simulating 
the main peaks within the range of 5-35”. Figure 1 
shows schematically a representative application of 
the method for “constructing” the “calculated” co- 
polyamide composite. The results of percentage 
crystallinity for the glass fiber reinforced AA/ 
l,GHD/~-glycine copolyamides are given in Table I. 
A gradual increase in the percentage crystallinity 
(recorded from WAXDP) with higher glass fiber 
content was observed. 

DTA 

It is well established that the character of the inter- 
face is of great significance to the adhesion between 
fiber and matrix in a composite material?5 The oc- 
currence of nucleation fronts on the glass fiber, in 
addition to the statistical nucleation from the melt, 
is indicated as “transcrystallinity.” Although there 
has been a long c o n t r o ~ e r s y 3 ~ ~ ~  over the positive or 
negative effect of transcrystallinity on adhesion and 
mechanical properties, DTA measurements show the 
appearance of several (two or three) melting peaks 
that could be attributed, as previously suggested,26’38 
to various spherulite morphologies resulting from 
constrained growth in thermoplastic composites, that 
is, high and low nucleating density, respectively. The 
occurrence of two antagonizing tendencies toward the 
crystallization that is enhancement of crystallization 
by providing nuclei, and at the same time constrain- 
ing the growth by an impingement mechanism, com- 
plicates our understanding of the system. An attempt 
was recently made to separate these two effects with 
computer sirnulati0n.3~ 
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Table I11 Effect of Cooling Conditions on Density (p), Void Fraction (v), and Percentage Crystallinity 
(%XJ of Copolyamide Reinforced with Glass Fibers 

AA/l,GHD/L-Glycine % Glass Fiber Measured Density Calculated" Density Voidb Fraction 
(mol/mol/mol) Content (g/cm3) (g/cm3) (4 %Xt 

Ice water 
50.0/50.0/0.0 

47.5/47.5/5.0 

45.0/45.0/10.0 

42.5/42.5/15.0 

37.5/37.5/25.0 

Oven cooled 
50.0/50.0/0.0 

47.5/47.5/5.0 

45.0/45.0/10.0 

0 
15 
30 
45 
0 

15 
30 
45 
0 

15 
30 
45 
0 

15 
30 
45 
0 

15 
30 
45 

0 
15 
30 
45 
0 

15 
30 
45 
0 

15 
30 
45 

1.1184 
1.1730 
1.2601 
1.3069 
1.1297 
1.1901 
1.2830 
1.4872 
1.1364 
1.1992 
1.3002 
1.3586 
1.1472 
1.2235 
1.3285 
1.3984 
1.1651 
1.2487 
1.3583 
1.4404 

1.1383 
1.2171 
1.3075 
1.3709 
1.1446 
1.2309 
1.3509 
1.3977 
1.1585 
1.2498 
1.3491 
1.4345 

1.2206 
1.3434 
1.4936 

1.2320 
1.3548 
1.5047 

1.2388 
1.3615 
1.5112 

- 

- 

1.2497 
1.3724 
1.5217 

1.2677 
1.3903 
1.5389 

1.2407 
1.3634 
1.5131 

1.2471 
1.3984 
1.5192 

1.2611 
1.3837 
1.5326 

- 

0.039 
0.062 
0.125 

0.034 
0.053 
0.116 

0.032 
0.045 
0.101 

- 

- 

0.021 
0.032 
0.081 

0.015 
0.023 
0.064 

- 

0.019 
0.041 
0.094 

0.013 
0.034 
0.080 

0.009 
0.025 
0.064 

- 

18.5 
23.6 
28.8 
32.7 
15.0 
17.4 
21.5 
24.3 
9.8 

13.4 
18.0 
22.1 
3.8 
6.8 

12.5 
16.2 

43.4 
45.8 
49.5 
56.0 
38.5 
41.9 
46.3 
50.4 
30.4 
35.3 
41.0 
45.8 

The glass transitions ( Tg),  melting points ( Tm,l, 
Tm2, Tm3), and heats of fusion (AH,) of the com- 
posites for E-glass fiber reinforced AA/1,6HD/ 
L-glycine copolyamides are given in Table 11. It 
should be mentioned that primary (initial) and 
secondary nucleation were considered responsible 
for the occurrence of multiple peaks observed in 
several homo- and copolyamide ~ o m p o s i t e s . ~ ~ * ~ ~ , ~ ~  
Previous studies on thermal properties (DTA) of 
nylon 6,6 and biodegradable copolyamides rein- 
forced with E-glass fibers also confirmed the bi- 
modal endotherm peak attributed to  thermody- 
namically and kinetically favored crystal forma- 
tion in agreement with these e ~ p e r i m e n t s . 3 ~ ~ ~ ~  The 
effect of transcrystallinity on the heats of fusion 

(Table 11) can be understood if the latter are cor- 
related with the fiber nucleation density. The 
presence of many more nucleation sites (trans- 
crystallinity effect)39 due to high fiber nucleation 
density resulted in a decrease of the average 
spherulite size. 

The effect of several cooling modes on per- 
centage crystallinity was investigated and the re- 
sults are given in Table 111. It is evident that  slow 
cooling rates promote higher crystallinities by 
leading to the formation of more perfect crystals, 
but the fast cooling rates (i.e. quenching) have 
an adverse effect upon the development of crys- 
tallinity. Similar results were obtained for the 
copolyamides (nylon 6/nylon 12) and copolyam- 
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Table I11 Continued 

AA/l,GHD/~-Glycine % Glass Fiber Measured Density Calculated" Density Voidb Fraction 
(mol/mol/mol) Content (g/cm3) (g/cm3) (4 %X,c 

42.5/42.5/15.0 

37.5/37.5/25.0 

Air cooled 
50.0/50.0/0.0 

47.5/47.5/5.0 

45.0/45.0/10.0 

42.5/42.5/15.0 

37.5/37.5/25.0 

0 
15 
30 
45 
0 

15 
30 
45 

0 
15 
30 
45 
0 

15 
30 
45 
0 

15 
30 
45 
0 

15 
30 
45 
0 

15 
30 
45 

1.1653 
1.2591 
1.3598 
1.4514 
1.1890 
1.2853 
1.3885 
1.4852 

1.1270 
1.1924 
1.2831 
1.3384 
1.1365 
1.2092 
1.3031 
1.3647 
1.1452 
1.2227 
1.3183 
1.38 
1.1572 
1.2422 
1.3465 
1.4241 
1.1765 
1.1769 
1.3736 
1.4631 

- 
1.2680 
1.3904 
1.5391 

1.2918 
1.4140 
1.5617 

- 

- 
1.2293 
1.3521 
1.5021 

1.2389 
1.3616 
1.5113 

1.2477 
1.3704 
1.5197 

1.2598 
1.3824 
1.5313 

1.2792 
1.4016 
1.5499 

- 

- 

- 

- 

- 
0.007 
0.022 
0.057 

0.005 
0.018 
0.049 

- 

- 
0.030 
0.051 
0.109 

0.024 
0.043 
0.097 

0.020 
0.038 
0.088 

0.014 
0.026 
0.070 

0.008 
0.020 
0.056 

- 

- 

- 

- 

21.2 
26.6 
31.4 
36.2 
- 
- 
- 
- 

33.4 
36.0 
39.8 
44.3 
28.9 
32.5 
36.8 
40.7 
22.6 
26.4 
31.8 
38.0 
13.8 
17.5 
21.8 
25.5 
- 
- 
- 
- 

Results give the average of five measurements. 
a Calculated according to eq. (3). 

Calculated according to eq. (2). 
' Determined from WAXDP. 

ides AA/l,GHD/L-proline reinforced with E-glass 
 fiber^.^^,^^ 

Density Measurements: Detection of 
Void Content 

The main purpose for carrying out the density 
measurements was to determine the void volume 
fraction. The most important factors, generally 
considered responsible for promoting the occur- 
rence of voids in polymer composites are the fol- 
lowing: possible entrapment of air within com- 
pounded pelletized material, residual moisture, 
and shrinkage of volume of the core r e g i ~ n . ' ~ , ~ ~ , * *  
The void volume fraction (v) was calculated from 
the measured (p) and calculated (pcalc) composite 
densities as follows: 

The solid, void-free density of the composite (pcompos) 
was calculated from the density of the pure copo- 
lyamide (p,)  and that of the glass fiber ( p f )  as shown 
in eq. (3): 

- - PfPP Pcornpos 
(1 - Wf)Pf + WfPp 

(3) 

where wf is the glass fiber weight fraction (deter- 
mined by burning off the copolyamide). The results 
of the density values for neat and glass fiber rein- 
forced composites and the void fraction and per- 
centage crystallinity (from WAXDP) developed 
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Figure 2 Tensile strength and percentage crystallinity 
(%XJ against the void fraction of AA/l,GHD/L-glycine 
(45/45/10 expressed in % mol) composites of various fiber 
contents, V, = 15-45%. 

at  three different cooling rates are given in Ta- 
ble 111. 

The observed increase in void volume fraction 
with glass fiber content (Table 111) has been reported 
in previous p u b l i ~ a t i o n s ~ ~ , ~ ~ . ~ ~  and attributed to var- 
ious factors such as insufficient adhesion of the 
polymer matrix to the E-glass fibers, deformation 
of crystals, tran~crystallinity,3~*~~ and bubble for- 
mati0n.4~9~~ The results obtained from our study on 
the effect of different cooling modes on the density 
and void content are in agreement with previous 
studies32 that showed that the higher void contents 
are related to very fast cooling. Therefore the higher 
void content order is as follows: quenching in ice 
water > air cooled > oven cooled. The drastic cooling 
conditions imposed upon the composite material 
when quenched in ice water could result in external 
partial surface solidification but the interior cannot 
be freely contracted thus resulting in undesirable 
high internal void contents as previously re- 
p ~ r t e d . ~ ~ , ~ ~  

Mechanical Properties 

Tensile Strength 

An increase in the glass fiber content was always 
related to an increase in the tensile strength of the 

copolyamide composites. It is noteworthy that the 
stress-strain curves of the composites were essen- 
tially linear and showed only a slight curvature near 
the breaking point; the neat copolyamides showed 
definite yield points before their fracture. Table IV 
summarizes the results derived from the stress- 
strain curves and the compressive strength-time 
(distance) plots both for neat and E-glass fiber rein- 
forced copolyamides. 

Theoretical calculations of the tensile strength 
for the glass fiber reinforced copolyamides were car- 
ried out according to the following equations (pres- 
supositions for the applicability of which were given 
previously26). (i) Rule of mixtures: 

u, = nufvf + a,(l - Vf)  (4) 

where a, is the tensile strength of the composite; uf, 
the tensile strength of the glass fiber; a,, the tensile 
strength of the matrix (in our case copolyamide); 
V ,  the fiber volume fraction; and n, the Krenchel's 
efficiency factor (n = 0.5 for crossply fiber compos- 
i t e ~ ) . ~ ~ , ~ ~  (ii) Weibull's simplified equation: 

a, = 0.7UfVf, ( 5 )  

and (iii) Dow and Rosen's analysis (cited by Shri- 
vastava and La125) that resulted in the following for- 
mula: 

where ar, is the reference stress level depending on 
the particular combination of fiber and matrix (co- 
polyamide in our case) properties and p is a statis- 
tical parameter of the Weibull distribution related 
to the fiber strength, which is equal to 7.7 for com- 
mercial E-glass fiber.25 

Comparing the experimental results to those ob- 
tained from eqs. (4)-(6) it was found that only the 
modified eq. (5) gives a good fit to the experimental 
results, as previously r e p ~ r t e d , ~ ~ , ~ ~ , ~ ~  but eqs. (4) and 
(6) fail to provide a good fit. Reasons possibly ad- 
vocated for these discrepancies include the high hy- 
groscopicity of the copolyamide matrix (because of 
a-amino acid as comonomer unit), the void content, 
and eventual fiber misalignment due to usage of 
multifiber  strand^.^^-^^ The fracture of the compos- 
ites is believed to have been originally initiated by 
matrix failure near fiber ends followed by a trans- 
versal crack propagation that results in fracture of 
composite without necessitating the breaking of the 
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Table VI Effect of Moisture Conditioning on Thermal Properties of Copolyamides Composites 

AA/l,GHD/L-Glycine % Glass Fiber T g  T m  A H m  E, 
(mol/mol/mol) Content ("C) ("C) (J/d (kJ/mol) 

50.0/50.0/0.0 

47.5/47.5/5.0 

45.0/45.0/10.0 

42.5/42.5/15.0 

40.0/40.0/20.0 

37.5/37.5/25.0 

0 
15 
30 
45 

0 
15 
30 
45 
0 

15 
30 
45 
0 

15 
30 
45 
0 

15 
30 
45 
0 

15 
30 
45 

56.0 ? 2.3 
57.8 f 2.7 
58.7 t 3.1 
59.9 f 2.0 
50.2 f 1.8 
52.7 f 2.3 
53.9 f 1.5 
55.2 f 1.8 
49.1 f 2.1 
51.6 f 3.0 
53.0 t 2.5 
53.5 t 2.3 
46.9 f 2.5 
48.7 t 2.0 
50.2 f 2.3 
51.3 f 2.7 
45.4 f 1.9 
47.8 t 2.5 
49.0 f 2.7 
49.8 f 2.2 
44.3 k 2.6 
46.0 k 2.5 
47.1 t 2.1 
48.3 f 2.4 

256.1 f 2.5 
258.0 k 3.2 
259.4 f 2.8 
260.8 5 2.0 
238.1 f 1.8 
240.3 k 1.5 
242.9 k 2.4 
243.8 f 2.2 
223.7 f 2.4 
225.2 f 1.8 
227.7 f 2.3 
228.6 f 1.5 
207.0 f 2.4 
208.7 f 2.6 
209.8 f 3.1 
212.9 5 2.0 
195.1 f 2.4 
197.0 f 3.2 
198.5 f 1.2 
202.1 f 1.0 
176.2 f 2.2 
180.3 ? 1.5 
181.7 f 1.8 
183.9 f 1.1 

106.5 k 2.4 
111.3 f 1.9 
117.7 f 2.2 
123.9 f 2.0 
94.2 f 2.3 

100.9 f 2.3 
105.3 f 1.8 
110.8 k 2.4 
67.2 f 1.8 
76.1 f 2.0 
81.3 k 1.7 
87.9 t 1.9 
51.0 f 2.3 
57.8 f 1.8 
64.7 ? 2.0 
71.2 f 2.5 
38.8 ? 1.8 
47.1 k 2.3 
53.8 f 2.6 
60.9 f 1.9 
37.0 t 1.3 
43.7 f 2.0 
50.2 f 1.2 
55.9 f 1.1 

52.0 
60.5 
68.8 
78.2 
48.8 
56.7 
63.2 
71.5 
46.3 
52.5 
58.4 
65.4 
44.8 
50.3 
54.8 
63.9 
43.6 
47.5 
53.4 
62.4 
39.8 
43.5 
50.1 
57.4 

Determination of water diffusion activation energies (EJ; results give the average and standard deviation of five measurements ( x  
f SD). 

glass fibers as was observed on several occasions. 
The above suggestion is corroborated by the results 
of computer simulation on fracture mechanics of 
composite materials4' and by SEM analysis on poly- 
amides reinforced with short glass E-fibers reported 
previ~usly.~' 

The results of the estimates and the experimen- 
tally found values for tensile moduli are given in 
Table V. The first observation is that the higher 
the contribution of the a-amino acid in the co- 
polyamide, the weaker the matrix becomes, thus 
resulting in a much easier failure of the copolyam- 
ide reinforced with short glass fibers. The exper- 
imental values are shifted closer to the lower es- 
timate [eq. ( 8 ) ]  probably because of the inherent 
complexity of short fiber reinforced thermoplastics 

Tensile Modulus 

It was previously shown26 that two estimates are 
available for tensile modulus (Ecompos) of the glass because they consist of misaligned arrays of vari- 

fiber reinforced copo~yamides~ Depending solely on 
the direction of the applied stress with regard to the 
fiber orientation in the copolyamide composite, eqs. 

respectively. 

able length fibers, dispersed in a viscoelastic ma- 
t r i ~ . ~ ' , ~ ~  The lowest extent of discrepancies be- 
tween theoretical and experimental values was 

lowest glass fiber amount. 
Figure 2 shows a correlation of the tensile 

strength with the void content and the percentage 
crystallinity developed at various cooling modes (see 
Tables 111, IV). It is clear that high fiber contents 
result in high void contents that are also related to 
high percentage crystallinities and high tensile 
strength. 

(7) and (8) were applied for upper and lower limits, Observed for the copolyamides containing the 

Ecompos = V& + (1 - V,)Em (7) 

(8) 
1 - - 

Ecompos 
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t 
InD 

copolyamide/glass fibeP up to 0.63 for epoxy/boron 
 composite^.^^ In this case the correction coefficient 
was in the range (0.133-0.174) that is in satisfactory 
agreement with our previous investigation on nylon 
6,6/glass fiber compositesz6 and degradable com- 
p o s i t e ~ . ~ ~  Both experimentally and theoretically 
calculated values for tensile and compression 
strength are given in Table V. 

Hygrothermal Aging 

Diffusion, capillarity, and transport by microcracks 
are the main mechanisms via which moisture pen- 
etration can occur within composite materials.54 The 
rate of moisture absorption by a polymeric composite 
is mainly affected by the following factors: type of 
matrix and fiber, the fiber orientation with respect 
to the direction of diffusion, the conditioning tem- 
perature, the difference in water concentration be- 
tween the composite and the environment and 
whether or not the absorbed water reacts chemically 
with the matrix.50 The diffusivity or diffusion coef- 

2.6 28 3.0 3.2 U 
lo3 I T . (K-') - . - . . . . . 

ficient D, can be calculated from the following sim- 
plified equation that corresponds to the initial linear 
portion of the absorption curve: 

Figure 3 Arrhenius plots to determine the apparent ac- 
tivation energies for water diffusion for the (a) neat co- 
polyamide AA/l,GHD/L-glycine (40/40/20 expressed in % 
mol/mol/mol) and its glass fiber composites (b) V, = 15%, 
(c) V, = 30%, and (d) V, = 45%. 

Compression Strength 

The compression strength was calculated bY using 
the following three equations: 

where Mt and M ,  are mass of water absorbed at 
time t and at saturation, respectively and h is the 
thickness of infinitely large plates. 

However if the diffusion is Fickian or only a 
function of temperature, it can be described with an 
Arrhenius relationship: 

VfE,Ef 
(9) 

uce = 2v'[3(1 - Vf)l 

a,, = - 
1 - v, 

E m  G,  = - 
2(1 + v) 

where a,, is the compression strength in the exten- 
sion mode; a,,, the compression strength in the shear 
mode; Em, the modulus of the elasticity of the matrix 
(copolyamides); E,, the modulus of the elasticity of 
the fiber (glass fiber); G,, the shear modulus; and v 
is the Poisson ratio (dimensionless) equivalent to 
0.44 for nylon 6,6.52 

Only after the introduction of a correction factor 
in eq. (10) can this equation provide a good fit for 
the experimental values. Depending on the kind of 
the matrix/fiber system, the correction coefficient 
was found to vary substantially, i.e. from 0.100 for 

D = Doexp(-E,/RT) (13) 

where Do is the preexponential coefficient, or per- 
meability index, R, Em, and Tare the gas constant, 
activation energy, and absolute temperature, re- 
spectively. 

The moisture absorption was determined by the 
following equation: 

where wd and W denote the weight of dry material 
(i.e. the initial weight of the material prior to ex- 
posure to the environment) and weight of moist ma- 
terial, respectively. The percentage equilibrium 
moisture absorption, M,, was calculated as an av- 
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Table VII 
Compression Strength of Copolyamides Reinforced with Glass Fibers 

AA/l.GHD/~-Glycine % Glass Fiber Tensile Strength Tensile Modulus Compression Strength 

Effect of Moisture Conditioning (80°C, 7 Days) on Tensile Strength, Tensile Modulus, and 

(mol/mol/mol) Content (MPa) (GPa) (MPa) 

50.0/50.0/0.0 

47.5/47.5/5.0 

45.0/45.0/10.0 

42.5/42.5/15.0 

40.0/40.0/20.0 

37.5/37.5/25.0 

0 
15 
30 
45 
0 

15 
30 
45 
0 

15 
30 
45 
0 

15 
30 
45 
0 

15 
30 
45 
0 

15 
30 
45 

6 8 5  4 
185 + 16 
350 f 18 
475 + 23 
4 8 f  6 

121 k 10 
285 f 12 
422 + 14 

3 5 +  4 
103 f 7 
224 f 11 
296 f 17 
2 3 +  2 
8 2 +  6 

154 f 9 
220 f 18 
2 0 f  3 
6 9 +  8 

110 f 7 
191 + 16 
1 4 +  2 
4 3 +  3 
9 2 f  6 

140 f 8 

1.13 f 0.21 
2.51 + 0.17 
6.20 f 0.15 
8.15 f 0.22 
1.00 f 0.1 
2.14 + 0.20 
5.72 f 0.35 
7.15 f 0.33 
0.88 f 0.09 
1.70 + 0.13 
5.15 f 0.28 
6.53 + 0.38 
0.75 f 0.05 
1.20 f 0.08 
4.51 + 0.30 
6.00 f 0.37 
0.62 + 0.03 
1.05 + 0.08 
4.06 f 0.15 
5.33 f 0.27 
0.39 f 0.02 
0.83 f 0.09 
3.69 f 0.13 
5.01 f 0.32 

72.5 f 2.92 
97.2 k 6.80 

149.4 f 5.21 
233.6 f 6.70 
59.2 f 4.13 
74.6 + 5.09 

120.0 f 6.70 
196.2 + 8.52 
47.4 f 1.34 
65.3 f 3.00 

103.7 f 4.82 
159.8 + 4.70 
32.0 f 2.22 
53.5 f 3.34 
91.3 f 4.50 

137.8 f 6.28 
21.5 f 1.37 
38.9 f 2.80 
73.8 + 5.35 

107.0 f 8.42 
13.1 f 0.45 
32.0 f 1.76 
45.7 f 3.21 
87.9 f 6.45 

Results give the average and standard deviation of five measurements ( x  f SD). 

erage value of several consecutive measurements 
that showed no appreciable additional absorption. 

It should be mentioned that the DTA curves of 
AA/l,GHD/~-glycine copolyamides and their glass 
fiber reinforced composites before and after moisture 
absorption did not show any significant change 
within the first 24 h but, gradually, they began to 
show lower Tm and AHm values. It is thought that 
when the samples are being subjected to moisture 
absorption the latter initiates a small scale reorga- 
nization of the molecules eventually resulting in lo- 
cal disruptions of the ordered structure (similarly 
to nylon 6,650) that can be easily observed in terms 
of differences in heats of fusion. The melting points 
and heats of fusion of the neat AA/l,GHD/~-glycine 
copolyamides and their glass fiber reinforced com- 
posites after their moisture conditioning, are given 
in Table VI. 

The plots of InD versus the inverse of absolute 
temperature (1/T) for the neat and reinforced co- 
polyamides with L-glycine contents are shown in 
Figure 3. High L-glycine contents promote lower ac- 
tivation energies because of the hydrophilicity im- 

parted upon the polymeric chain by the incorpora- 
tion of L-glycine units. The diffusion activation 
energies (E,) both for neat and glass fiber reinforced 
copolyamides are given in Table VI. A satisfactory 
agreement was found between the determined E, 
(kJ/mol) values and previously reported values (55- 
61 kJ/mo1)32,50,55 although they seem to be somewhat 
lower for copolyamides rich in L-glycine (40-57 kJ/ 
mol) and rather higher (57-78 kJ/mol) for the co- 
polyamides with high glass fiber content. Although 
the presence of fibers could, in theory, promote two 
minor mechanisms of moisture absorption, namely 
via capillarity or transport by microcracks, the ex- 
perimentally determined high activation energies for 
moisture absorption show that the effect of trans- 
crystallinity in conjunction with the lack of moisture 
absorption by the fibers47 have the edge over the 
above-mentioned moisture absorption mechanisms. 

Table VII gives us an insight in the effect of 
moisture conditioning (at 80°C for 7 days) on the 
mechanical properties (stress-strain curves) for both 
unreinforced and reinforced AA/l,GHD/~-glycine 
copolyamides. It is interesting that despite the low 
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(for achieving drastic changes in percentage crys- 
tall in it^)^^-^' conditioning temperature of our rein- 
forced copolyamides, measurements of tensile 
strength, tensile modulus, and compression strength 
gave lower values for conditioned samples than for 
the dry ones thus indicating the synergistic action 
of plasticization of the matrix57 (hydrophilic co- 
polyamide in this case) and probably some limited 
degradation of the polymer-fiber interface (debond- 
ing) as well. Similar results were reported for the 
short glass fiber reinforced environmentally degrad- 
able composites3* and nylon 6,6 composites further 
supported with fractographic studies.47 However, 
additional experimentation with scanning electron 
microscopy is required for examining the strength 
of the glass fiber copolyamide interfacial bond and 
for an in depth study of the prevailing fracture 
mechanism. 

CONCLUSIONS 

A series of composites based on novel biodegradable 
copolyamides reinforced with short E-glass fibers 
were prepared and their thermal and mechanical 
properties were evaluated both before and after 
moisture conditioning. Although various theoretical 
models concerning the prediction of mechanical 
properties and the moisture absorption were applied, 
modifications were necessitated for attaining better 
fit with the experimental results. The transcrystal- 
linity effect was observed in thermal properties as 
appearance of multiple peaks, in mechanical prop- 
erties (higher tensile and compression strength) and 
limited diffusion of water due to crystal formation. 
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