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Short glass fiber /poly(butylene terephthalate) composites with different glass
fiber treatments were characterized within a temperature range from - l 50° C to
+ 150° C by dynamic tests in torsion and tensile modes. Untreated fibers or fibers
coated by silane coupling agents associated or not with sticking agents were used.
It was observed that the magnitude of f3 and a relaxations depends strongly on the
microstructural parameters of such composites: fiber content, degree of cxys
tallinity of the matrix, fiber length distribution, level of adhesion.
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l. INTRODUCTION

he two past decades have witnessed the emer
gence of engineering fiber-reinforced polymers
such as poly(butylene terephthalate) (PBT)/glass fiber
composites. Improved mechanical properties of these
composites require an efficient Joad transfer between
the fiber and the matrix and therefore a good interfa
cial bonding. The problem of understanding the com
plex nature of the interphase region has attracted
considerable attention from both academic and in
dustrial researchers. A wide range of analytical meth
ods are available to investigate the interfacial region
in the composite. These techniques include Fourier
transform infrared spectroscopy (1-4), nuclear mag
netic spectroscopy (1, 3), mass spectrometry (1, 5)
and differential scanning calorimetry (1, 3). Moreover
several micromechanical tests on single fibers have
been developed to evaluate fiber/matrix interfacial
adhesion such as microindentation (6) and pull-out
(7. 8) methods. Nevertheless, these techniques do not
really allow a global approach of the composite be
havior because they are not sensitive to the process.
Dynamic mechanical analysis seemed to be more
suitable to characterize the interfacial region, includ
ing processing effects.
Severa! authors have studied the dynamic me
chanical behavior of unidirectional composites, most
of these studies dealing with amorphous matrices
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(1, 9-12). Recently, some dynamic mechanical inves
tigations were carried out on semicrystalline matri
ces reinforced by short glass fibers (13-15). Dynamic
mechanical data for this kind of composite have
been shown to depend on the following parameters:
(i) the fiber degradation that should occur during the
process and determines the fiber length distribution
(16), (ü) the nature of the surface treatment of the
fiber (17, 18), (iü) the degree of cxystallinity of the
matrix (19) and (iv) the fiber content (20). These mi
crostructural parameters are usually interconnected,
and only parameters (ü) and (iv) are controllable be
fore processing.
2. EXPERIMENTAL PROCEDURE
2.1. Materials

Poly(butylene terephthalate) (PBT) was obtained
from DuPont de Nemours Company under the trade
name Crastin®. Its weight-average molar weight Mw,
determined by a light scattering method, is 19,100
Daltons. The carboxyl end-group content is about 45
equivalent/106 g and was measured by titration using
Pohl's method (21). The reactivity of these carboxyl
end groups is known to be hlgher than that of the hy
droxyl end groups (22). E-glass fibers were provided
by Vetrotex Saint Gobain Company (Chambery, France)
with three surface treatments including amino- or
epoxysilane, either with or without sticking agents (SA)
based on epoxy resins. The weight fraction of sizing
on glass fibers was estimated by a burning method.
The effective filler fractions were measured by burning

samples at 625°C durlng 4h according to the ISO 1172
standard. Results are reported in Table 1.
2.2. Sample Preparation
Poly(butylene terephthalate) composite specimens
were reinforced by 15 wt% of glass fibers. A corotating
twin screw extruder (Clextral BC21) was used to mix
the glass fibers and the polymer matrix. The pellets of
compounds were then injection molded at 270 ° C
(Sandretto Serte Otto A.T.) and cooled at 80 °C to ob
tain dumbbells according to ISO 527-2 type lAstan
dard. The weight fraction of sizing on glass flbers is
estimated at about 0.1 to 0.9% (Table 2).
2.3. Ezperimental Technlquu
2.3.1. Microstructural Characterization
Ftber length distribution. The fibers recovered after
buming the PBT matrtx at 625 °C during 4 h were
studied by optical microscopy (Leica) and measured
by 'IV camera and image analysis (Optimas). Aspe
cific semi-automatic technique was used (23-25). It is
based on an individual analysis of each fiber to obtain
the size distribution. For each sample, a population of
800 to 1000 ftbers was evaluated and characterized
statlstically. We obtain various kinds of size distribu
tion representations:
- the number size distrtbution represented by the
number-average length 4i according to the following
equation:

(1)

where P1 is a weight factor associated to the fi.ber of
length Li
- the weight size distribution represented by the
weight-average length Lw as follows:

(2)
- the dispersity coefficient D representlng the spread
ing of the length ftber distribution:
D

=Lw�Ln
4i

(3)

Matrix crystallinity. The melting behavior of all sam
ples and therefore the crystallinity ratio was studied
by differential scanning calortmetry using a DSC 92
from Setaram. Scans were carrted out from room tem
perature to 300 °C at a heatlng rate of 20 °C/min. The
crystal weight fraction is theoretically determined from
âH1
the relation Xe = --0 , where âH1 is the meltlng enâH1
thalpy of the composite and âH'j the melting enthalpy
of perfectly crystalline PBT. Nevertheless, it was im
possible to get a reliable value of âHJ and it was de
cided to quantify the crystallinity of the composite by
âH1 which is directly correlated to the crystal weight
fraction. For each composite the value of âH1 was cal
culated, taking account of the real weight fraction of
PBT.
2.3.2. Dynamic Mechanical Charactertzation
Two kinds of dynamic mechanical analyzers were
used under isochronal conditions to study a and j)
mechanical relaxations associated respectlvely to the
glass and subglass transitions. The temperature
range was set between -150° C and + 150° C. Avis
coelasticimeter VA815 Metravib R.D.S. was used in
tensile mode for recording the dynamic mechanical
spectra versus temperature at a frequency of 5 Hz on
parallelepipedic samples (25 x 4 X 2 mm3). The rea1
part (E') of the dynamic modulus and the loss factor
(tan 6� were measured. Atorsion pendulum SMD2000
Metravib R.D.S. was used for recording the shear
modulus, G' and the loss factor, tan 60 versus tem
perature at frequencies of 0.02 and 2 Hz on smaller
specimens (20 x 4 x 1.5 mm3).

3. RESULTS AND DISCUSSION
3.1. Microatnactural Cbaracterizatlon
3.1.1. Ftber Length Distribution
During the extrusion and injection processes of
fiber-reinforced molded parts, the distributions of
ftber length and fi.ber ortentation are govemed by vari
ous factors. These include the original length and
concentration of flbers, the surface treatment of fi.bers
and the processing conditions (26, 27). Most authors
agree that the stresses exerted upon fibers by the
molten material and the dies are the main cause of
fiber length reduction. Therefore, when the fiber/
matrix interface adhesion is optimized, these stresses
are higher and a more important length reductlon can
be observed. Moreover, it was pointed out that the

Table 1. Characteristics of Poly(Butylene
TerephthalateVGlass Fiber Composites.
Sample
PBT
UT

AS
AS-SA
ES-SA

Effective Fiber Fraction (wtO/o)

17.85 ± 0.02
15.03 ± 0.01
15.05 ± 0.02
15.16 ± 0.02

Table 2. Characterlstics of Glass Flbers.
Sample

Sizing Constituent&

untreated
UT
AS
aminosilane
AS-SA aminosiiane + sticking agents
ES-SA epoxysiiane + sticking agents

Fraction of Sizing (wto/o)

0.07 ± 0.02
o.n ± 0.01
0.88 ± 0.01
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Fig. 1. Number size distribution of the di.tferent surface treatedjibers: (a) witreated, (b) AS treated, (c) AS-SA treated and (d) ES-SA
treated.

mechanical properties such as the tensile strength
and the flexural stiffness of any material depend on
the ftber length and orientation distributions (28, 29).
Ffgure 1 shows the number length distributions of
flbers obtained for the four composites studied. Ali the
results are summarized in Table 3.
The number-average length L n and weight-average
length L w and dispersity coefficient D strongly depend
on the presence and the nature of the surface treat
ment:
(i) A comparison between composites reinforced by
untreated flbers (UT) and flbers treated by silane cou
pling agent alone (AS) shows an increase of the num
ber-average length L n (respectively weight-average
length L w ) without modification of the dispersity coef
ficient D in presence of surface treatment. These re
sults are attributed to the initial poorer dry integrity of
the untreated flbers before composite elaboration. The
dry integrity is defined as the ability of the fibers
to adhere together in the bundle, and the higher the

Table 3. Fiber Length Data After Injection Molding.
Sample

Ln (µ.m)

L ,. (µ.m)

D

UT
AS
AS-SA
ES-SA

96.6
183.5
176.0
161.3

152.2
291.9
335.2
312.2

0.57
0.59
0.91
0.94

integrity, the lower the degradation in the solid con
veying zones of the processing machines.
(il) With a sticking agent in the sizing composition, an
increase of the length distribution spreading was ob
served without modification of the number-average
length (AS and AS-SA). The sticking agent seems to
favor the spreading of the distribution.
(iii) The nature of the silane coupling agent did not
stgnificantly modify either average number length or
the dispersity coefficient (AS-SA and ES-SA).
3.1.2. Matrtx Cryst.allinity Ratio
The results showed an influence of the fiber surface
treatment on the crystallinity ratio. Data from Table 4
show no variations or a slight decrease in the degree
of crystallinity without shift of the melting tempera
ture for the composite reinforced by untreated flbers,
and an increase in the degree of crystallinity without
shift of the melting temperature for composites rein
forced by coated flbers.
Table 4. DSC Results for PBT and lts Composites.
Sample

PBT

UT
AS
AS-SA
ES-SA

Tm ("C)
236.5 ::!: 1.4
237.6 ::!: 0.9
238.0 ::!: 0.9
236.6 ::!: 0.4
236.5 ::!: 0.6

Metting Enthalpy (J/g)
-51.6 ::!:
-49.2 ::!:
-57.1 ::!:
-57.1 ::!:
-59.4 ::!:

1.2
2.2
1.8
1.8
3.1

These results can be explained by two antagonistic
factors-the matiix substitution by glass fibers and
the nucleating effect of the coated glass fibers. Con
cerning the first effect, the thennal diffusivity being
higher for glass than for melt polymer (30), the matrix
substitution by glass fibers should increase the ma1:rix cooling rate during the molding process, owing to
improved thermal conductivity. This should induce a
decrease in the crystallinity ratio (18, 31). Concern
ing the secon<l factor, the nucleating effect of coated
glass fibers (13, 32) should create a more extended
transcrystalline layer. The matiix crystallinity might
depend also upon the fiber length and orientation dis
tributions. lndeed, these parameters influence the dis
tance between the fibers and may change the matrix
cooling rate and the crystallinity degree. Nevertheless,
these parameters have not been measured and there
fore their influence bas not been taken into account.

Table 5. Results Obtained for 13 and u Mechanical
Relaxations of PBT/Glass Fiber Composites.

Îp (°C)

tan611

T0 (°C)

tan6.,

-85.2 ::': 0.4
-85.6 ::': 0.2
-84.8 ::': 0.4
-88.6 ::': 0.2
-85.9 :!: 0.3

0.044
0.038
0.034
0.031
0.031

61.4 ::': 0.9
60.1 0.3
57.9:::: 0.2
60.4 :!: 0.1
58.3::. 0.2

=

0.114
0.078

Sample

PST

UT
AS
AS-SA
ES-SA

attributed to the superposition of two or
three kinds of local motions of the -CH2- and

0.063

0.058
0.058

--9-0-

0
groups. The second peak located at 61 °C at 5 Hz is re
lated to the main a relaxation that is associated to the
collective motions of the glass transition. Ail the re
sults are summarized in Table 5 and Fig. 2.

3.2. Dynamic Mechanical Characterization
3.2.1. Relaxations of the Pure Matrtx

3.2.2. Relaxations of the Matrix in Presence of
Glass Fibers: Ir!fluenœ of the Surface Treatment

Numerous investigations have been carried out on
the dynamic mechanical properties of PET (19, 33-38),
but just a few on the viscoelastic behavior of PBT (13,
39). PBT exhibits at least two mechanical loss peaks
in the temperature range -150°C to + 150°C. The 13 re
laxations, which occur at about -85°C at 5 Hz, is as
sociated to motions of parts of the macromolecular
chains. This relaxation characteristic polymethylene
terephthalate polymers such as PEI' or PBT has been

Figures 3 and 4 show the real part (E') of the dy
namic mechanical modulus and the loss tangent (tan
ôE) curves recorded at 5 Hz for composites near 13 and
ex transitions.
The presence of glass fibers induces a decrease in
the tan ô maximum for both relaxations (Table 5).
That has been already observed (13). Additional differ
ences on the tan ô peak magnitude were obtained ac
cording to the surface treatment:
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1bree parameters rnay be taken into account to ex
plain these results: (i) the influence of the fiber length
distribution, (ü) the influence of the nature of the sur
face treatment on fibers, which modifies the nature of
the bonds between the PBT macromolecular chains
and the glass surface, (üi) the influence of the degree
of crystallinity.
It has been shown in a previous study (40) that the
magnitude of the f3 relaxation is rnainly controlled by
the first parameter (i). Indeed, in this temperature range,
roups can
only local motions of -CH2- and -�-0- g
0
occur, which should not be significantly disrupted by
variations of the crystallinity ratio or by the presence
of a surface treatment. Nevertheless the interactions
between the components of the sizing and the PBT
chains exist. In the case of the AS-SA surface treat
ment, a covalent amide bond is likely to be created be
tween carboxyl end groups of the PBT chains and the
amine units of the aminosilane coupling agent. In the
case of the ES-SA surface treatment, a covalent bond
should be created between carboxyl end groups of the
PBT chains and the epoxy units of the epoxysilane
coupling agent.

l,E+l0

On the other hand, the magnitude of the a relax
ation is sensitive to parameters (i), (ü) and (üi). In this
temperature range, correlated motions of molecular
chains are observed. Physical and/or chemical links
between the sizing components and the PBT chains,
on the one hand, and the degree of crystallinity, on
the other hand, may hinder greatly these molecular
motions. The stronger these links, the lower the mag
nitude of the mechanical relaxation, for quite similar
crystallinities and fi.ber lengths. In our case, the larger
height of tan ô peak for untreated fi.bers is attlibuted
to the weakness of physical links, fiber lengths and
crystallinity. The lower magnitude of tan ô peak for
AS, AS-SA and ES-SA samples is mainly due to the
increase in the number of chemical and/or physical
crosslinkings while the crystallinity ratio and the fiber
length are similar. Thus the presence of a sticking
agent in the glass fiber sizing seems to reduce molec
ular mobility of the PBT matrix without clear influ
ence of the nature of the silane coupling agent.
In order to distinguish the silane coupling agents and
their effect on dynamic mechanical behavior (samples
AS-SA and ES-SA), the same composites were charac
terized at lower frequencies (0.02 and 2 Hz) with a tor
sion pendulum in the temperature domain of the a re
laxation. No clear differences were observed at 2 Hz
(Fïg. 5). On the other hand, for a lower frequency of
0.02 Hz a higher tan ô peak was measured in the case
of an epoxysilane coupling agent (Fig. 6'):
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tan6AS-SA < tan6ES-SA

(6)

These results are summarlzed on Table 6. Such differ
e11ces might be attrtbuted to the stronger reduction of
molecular mobility of fibers in the presence of an
aminosilane coupling agent. The aminosilane-based
coating is clearly more efficient than the epoxysilane
based one for the fi.ber/matrix mechanical coupling.

4. CONCLUSIONS
The aiin of this work was to examine the relation
ships between microstructural parameters of a PBT
reinforced with short glass flbers and its viscoelastic
behavior. The microstructural characterization has
given evidence of a strong contribution of the sizing
components on the final fi.ber length distribution. In
deed, the silane coupling agent seems to favor an in
crease in the number-average length without modifi
cation of the dispersity coefficient, while the sticking
Table 6. Results Obtained for a Mechanical Relaxation
in the Case of PBT/Glass Fiber Composites:
Influence of the Silane Coupling Agent Nature.
Sample
Frequency (Hz)
Ta (°C)
tan 6a
AS-SA
ES-SA

2
0.02
2
0.02

55.5
46.3
54.2
44.7

0.095
0.111
0.097
0.122

agent seems to favor an increase of the dispersity co
efficient without modification of the number-average
length. Moreover, the introduction of coated fi.bers in
the matrix increases the matrix crystallinity ratio. Two
antagonistic parameters might explain the results: the
matrix substitution by glass fibers, which seems to
improve thermal conductivity, and the nucleating ef
fect of the coated fi.bers. The dynamic mechanical study
of the 13 and a relaxation has shown a decrease of the
13 and a relaxations in the presence offtbers. The 13 re
laxation characteristics did not depend on the fi.ber
length, the ccystallinity ratio and the presence of addi
tional physical and/ or chemical crosslinkings between
the carboxyl end groups of the PBT chains and the
silane coupling agent. On the contnuy, the a relaxation
characteristics gave evidence of a molecular motion
decrease when the glass fi.bers are coated. A low-fre
quency analysis in torsion mode allowed to distinguish
the better efficiency of an aminosilane-based coating
as compared to an epoxysilane-based one.
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