Izabella Krucinska,
Eulalia Gliscinska,
*E. Mider,

*R. Héipler

Technical University of £L6dz,
Department of Fibre Phisics and Textile Metrology,

ul. Zeromskiego 116, 90-924 £6dz, Poland
E-mail: klata@p.lodz.pl

“Leibniz Institute of Polymer Research Dresden,
Hohe StraBe 6, 01069 Dresden, Germany

I Introduction

Modification of the composite manu-
facturing process, consisting in utilising
textile hybrid prepreg products made from
commingled thermoplastic and reinforc-
ing fibres, leads to an improvement in the
mechanical properties of composites. The
introduction of hybrid prepregs for the
manufacturing of thermoplastic compos-
ites was based on the hypothesis that the
close contact of reinforcing filaments with
thermoplastic filaments subjected to the
melting process would create impregna-
tion conditions sufficient to guarantee the
good wettability of reinforcement fibres
by molten polymers. Consequently, an im-
provement in the mechanical properties of
the composites was expected. A review of
the literature indicates that many research
activities were undertaken to elucidate
issues arising during the commingling
process of hybrid yarns [1 - 12]. Up to now
little attention has been paid to explaining
the physico-chemical phenomena that take
place during the consolidation of the ther-
moplastic matrix of hybrid composites.

Let us consider the rule of mixture
[13], according to which the composite
strength during the unidirectional tension
test depends on the matrix strength and
reinforcing fibre strength. This relation-
ship is shown by the following equation:

6c = ofVit om(1-Ve) (D

where:

o. —the tensile strength of the composite
material,

or — the tensile strength of the reinforc-
ing fibres,

o, — the tensile strength of the matrix,
V¢ —the volumetric contents (dimension-
less fractional value) of reinforcing
fibres,
(1 - V¢ ) — the volumetric contents (di-
mensionless fractional val-
ue) of matrix.

Evaluation of the Influence of Glass Fibre
Distribution in Polyamide Matrix During the
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The matrix strength depends on the
matrix molecular structure (crystalline
structure, the orientation of the amor-
phous regions), especially on the degree
of crystallinity. The crystalline structure
results from the thermodynamic condi-
tions occurring in the whole reinforce-
ment / molten polymer system during the
consolidation process. The arrangement
of reinforcing fibres in molten polymer
depends on the structure of hybrid yarns
used for the manufacturing of compos-
ites. It is possible that this structure has
an influence on the conditions of heat
exchange inside the system and, at the
same time, affects the process of matrix
crystallisation.

The approach presented results from the
Ziabicki theory [14], according to which
the degree of polymer crystallinity in-
creases with a decrease in the difference
between the temperature of the polymer
and temperature of the surrounding me-
dium. Based on this theory, the following
hypothesis can be formulated: consider-
ing the glass fibre/polyamide 6 (GF/PA6)
system, the degree of crystallinity of
polyamide 6 decreases towards the sur-
face of the glass fibre. This hypothesis is
due to the fact that glass fibre has a lower
coefficient of thermal conductivity than
poliamide 6, and probably during crys-
tallisation in the cooling process of glass
fibre / polyamide 6 matrix composites, the
glass fibre has a higher temperature than
the surrounding polyamide matrix, and the
heat can be transferred to the polyamide.
In this situation, close to the glass fibre, a
higher temperature gradient appeared then
further away from the fibre.

Studies completed and presented by
us earlier [15] showed that the thermal

conductivity of the polyamide matrix in
GF/PA6 composites depends on the dis-
tances between glass fibres. The shorter
the distance between the fibres, the lower
the thermal conductivity of the polya-
mide matrix is. Hypothetically, this could
mean that the degree of crystallinity of
the matrix could be lower when fibres in
the composite are spaced closely togeth-
er, and higher when the fibres are placed
far from each other. The changes concern
the degree of crystallinity both at some
distance from the fibre and near the fibre
surface.

The objective of this paper is to prove the
formulated hypothesis concerning the in-
fluence of the structure of hybrid yarns
based on glass fibres/polyamide 6 on
the crystallinity of the matrix, and how
the difference in crystallinity influences
the mechanical properties of compos-
ites manufactured from designed hybrid
yarns. In particular, during the course of
the research, the influence of the distanc-
es between reinforcing fibres in hybrid
prepregs on the supermolecular structure
of the matrix was studied.

I Materials

Fibres

As thermoplastic materials, both PA 6
multifilament and staple polyamide fi-
bres, produced by “Stilon” Co. Gorzéw
Wielkopolski, Poland, were used. The
PA 6 fibres were coated with an anti-elec-
trostatic preparation.

The glass multifilament EC9, produced
by Kro$nienskie Huty Szkta, Poland, was
used as reinforcing fibres. The glass fibres
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were sized with an aminosilane coupling
agent and a dispersion of polyurethane
resin, as published elsewhere [10].
Characteristics of the materials used are
given in Table 1.

Hybrid yarns

In order to investigate the influence of the
structure of hybrid yarns of the GF/PA6
type on the crystallinity of the matrix
and the resulting mechanical properties
of the composites, the following yarns
of different structure were manufactured:
friction-spun yarns, twisted yarns and
pneumatic textured yarns. The technolo-
gies chosen should guarantee diversifica-
tion of the distances between reinforcing
fibres during the process of manufactur-
ing composites.

For comparative analysis the following

hybrid yarns were manufactured:
friction-spun yarns of a linear density
of 135.0 tex, composed of glass mul-
tifilament of 68 tex, and PA 6 staple
fibres; the mass content of the glass
fibres was equal to 51.4 wt.%,
twisted yarns of a linear density of
115.0 tex, composed of glass multi-
filament of 68 tex, and 2 x PA 6 mul-
tifilament yarns of a linear density of
26 tex; the number of twists was equal
to 90 twists/m and the glass fibres
were of 56.6 wt.%.,
air textured yarns of a fineness of
119.0 tex, consisting of glass multi-
filament of 68 tex, 2x PA 6 multifila-
ment yarns of a fineness of 26 tex, and
glass fibres of 55.2 wt.%.

Composites

The composites were made using unidi-
rectional oriented yarns on a hydraulic
press with a water-cooling system and
an additional system supplying nitrogen.
The optimal thermal and pressure con-
ditions, favourable for a good impreg-
nation of reinforcing filaments by the
molten polymer at low degradation of
polyamide, were determined in a separate
study [16]. The dried yarns wound on a
metallic plate were pressed using the fol-
lowing conditions:
a consolidation time of 15 min, the
pressure during the consolidation was
equal to 0.012 MPa, and the tempera-
ture was adjusted to 260 °C,
the cooling time was equal to 15 min,
the pressure during cooling was
0.012 MPa, and the temperature de-
creased to 20 °C.

Approximately 0.1 mm thick compos-
ites were made out of an equal amount

of yarn.
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Table 1. Characteristics of test material.

Fibre type Yarn fineness, | Tensile strength | Elongation | Number of Filament
yp tex +s.d., cN/tex +s.d., % filaments | fineness, dtex

EC9 glass

multifilament 68 48.7 +6.08 2.12+0.31 420 1.6
Polyamide 6

muitifilament 26 41.2+16 39.0 +1.69 192 1.3
Staple PA 6 fibres, - 448+1389 | 685+17.8 - 2.8

38 mm long

Table 2. Distances between fibres in hybrid yarn composites.

Composites
made of

Sample
number

2.21
2.79
2.64
5.30
5.29
4.66
5.20
4.74
7.00
6.68
5.30

friction spun yarn

twisted yarn

textured yarn

WIN|2 AR WD 2w D=

The application of all three types of hy-
brid yarns in the manufacturing process
of composites results in different inter-
space regions between reinforcing fibres
in the composites obtained. The arrange-
ment of the glass fibres in the cross-sec-
tion of the composites was observed by
means of an Olympus BX51 optical mi-
croscope, equipped with a colour video
camera/ccd — Iris and PC computer . The
distances between neighbouring fibres
on the surface of all the composite cross-
sections were manually estimated and
measured by a Lucia Programme. The
mean distances oscillated in the range of
2 to 7 um, as shown in Table 2. The data
given comprises results of 100 single val-
ues for each fibre/matrix arrangement.

The shortest mean distance between
glass fibres can be observed in friction

Figure 1. Sche-
mating designe of
u-TAT™™ 2990 (prod-
uct folder of TA In-
struments, Inc.).

mean

' Laser
Cantilever mount
Wollaston wire
Platinum core -
Probe tip —

Distance between fibres, pm

minimal maximal
0.20 11.14
0.29 14.97
0.20 9.52
0.20 20.87
0.40 18.30
0.40 16.22
0.57 14.73
0.20 15.14
0.40 31.27
0.45 28.29
0.45 16.06

spun yarn composite. There are visible
concentrations of fibres in the core of
friction spun yarns. In both twisted and
textured yarn composites, the distances
between fibres are longer. In twisted yarn
composites the fibre arrangement is more
uniform, and almost each fibre is coated
by matrix. In textured yarn composites,
glass fibres come into contact with each
other very often, and the distances be-
tween them are different.

I Methods

Microthermal analysis
of the composites

Differences in the thermal conductiv-
ity and micro-thermomechanical behav-
iourD) of the polyamide matrix in com-
posites manufactured from hybrid yarn
of different structure were examined us-
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Figure 2. Localized micro-thermomechanical analysis of fiiction  Figure 3. Localized micro- thermomechanical analysis of twisted
spun yarn GF/PA 6 composite (cf. description in [23]); a) thermal — yarn GF/PA 6 composite; a) thermal image, b) temperature-dis-
image, b) temperature-displacement curves. placement curves.
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Figure 4. Localized micro- thermomechanical analysis of  Figure 5. Localized micro- thermomechanical analysis of textured
twisted yarn GF/PA 6 composite — another area of sample;  yarn GF/PA 6 composite; a) thermal image, b) temperature-dis-
a) thermal image, b) temperature-displacement curves. placement curves.
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Table 3. Results of tensile tests for both hybrid yarns and composites manufactured from hybrid yarns.

Composite Tensile strength of | Elongation of Ratio of tensile strength of Tensile strength Young’s Elongation of
symbol hybrid yarn, cN/tex yarn, % hybrid yarn to tensile strength of of composite modulus E, composite, mm
reinforcing multifilament yarn otw, MPa GPa
Friction 26.1 2.66 0.53 152.3 45 0.85
. 127.0 2.0
Twisted 117.9 33.7 0.55 400.3 12.5 0.73
116.3 2.2
Textured 1116.0 26.6 0.33 348.0 7.2 1.24

ing a u-TATM 2990 Micro-Thermal Ana-
lyser (TA Instruments, Inc.) (Figure 1,
see page 82) [17 - 26]. During the scan-
ning process, the probing tip measuring
the heat flow is in direct contact with the
sample surface, and the tip temperature
value is constant. Changes in thermal
conductivity across the material surface
cause a different heat flow between the
tip and sample.

Micro-thermal analysis measurements
were performed on polished surfaces of
the composite cross-sections. For this
analysis the composite samples cross-
sections should be polished perfectly.
The samples were prepared in the fol-
lowing way. Small rectangular samples
in the direction of the yarn axis were
cut out from composite plates. Then
the samples, which were of a thickness
of 0.1 mm, were embedded in epoxy
resin. This composite thickness was big
enough in order that the boundary condi-
tions did not play an important part in the
results obtained for the regions studied
(20 pm x 20 pm). The surface of the
block obtained, which is perpendicular
to the yarn axis, was polished with high
precision by means of Phoenix Beta ap-
paratus using successive polish media,
for example paper, woven fabric and fi-
nally SiO,/Al,03 masterpolish of 50 nm
grain size. The surface smoothness ob-
tained was high, but not enough to make
thermal conductivity images of the com-
posites. Because of the big difference
between the hardness of the composite
components, the surface topography was
non-uniform, and it was impossible to il-
lustrate correctly the thermal conductiv-
ity changes of the matrix as a function of
the distances between glass fibres. The
quality of the surface polishing enabled
to perform localised thermal analysis of
selected matrix places using a new ther-
mal technique: Micro-Thermomechani-
cal Analysis (WTMATM), In this mode the
vertical displacement of the cantilever
tip as a function of the tip temperature
is measured. The tip is heated in contact
with the sample, and when the tempera-
ture is raised and the sample softens,

84

a downward deflection of the cantilever
is observed. Temperature-displacement
(in the Figures: Programmed Tempera-
ture, °C — Sensor, um) curves are ob-
tained. In this method heat was provided
by an ultra-miniature thermal probe, and
the heating rate of the material surface
was realised at a speed of 10 K/s. Heating
was applied once for each place selected,
which was within the range of 50 and
280 °C. As a result of localised micro-
thermomechanical measurements, phase
diagrams characterising the crystalline
structure of the matrix were obtained.

Mechanical properties
of the composites

To study the influence of the hybrid
yarn structure on the mechanical prop-
erties of the composites, unidirectional
tensile tests were performed with - an
’INSTRON’ tensile tester series 4204
equipped with PC control. The first series
of tests was to determine the mechanical
properties of the hybrid yarns according
to the standard [27].

The second series of tests were performed
to determine the mechanical properties of
the composite material according to the
Standard ISO 527-4 [28] . Samples of
58 mm x 10 mm were cut from the mod-
el composites in the yarn direction. The
gauge length was 20 mm, and the cross-
head velocity was equal to 50 mm/min.

I Results

Microthermal analysis
of the composites

Application of localised Micro-Ther-
momechanical Analysis (WTMATM) to
investigate heat processes generated lo-
cally on the surface of a composite cross-
section allows to obtain displacement-
temperature diagrams illustrating chang-
es in the position of the heating tip in
the investigated area as a function of the
temperature of the small heated region.
Any change in the position of the tip of
the Micro-Thermal Analyser results from
changes in the physical state of the mate-
rial investigated, which takes place in the

heated polymer. This analysis, performed
at selected places with dimensions of sev-
eral micrometers, allows to indirectly and
compare the crystalline structure of com-
posite matrix using the melting tempera-
tures in relation to the distances between
fibres. The places tested were chosen on
the basis of the thermal images obtained
in areas where the topography was rather
uniform, because contact between the
heating probe and the sample surface
was required. Figures 2 - 5 (see page 83)
show the localised micro-thermomechan-
ical analysis of each type of composite.
These figures illustrate thermal images of
selected regions of the sample together
with places tested, which are marked
with numbers (a), and a diagram illustrat-
ing phase changes in the matrix polymer
at selected places (b).

The small sharp peaks, which are relat-
ed to changes in the phase signal on the
uTMA curves arising at melting temper-
atures of particular crystalline forms of
polyamide 6, exhibit only the existence
of these forms. If there is no change in
the phase signal at a given temperature,
the quantity of the corresponding crys-
talline form is too low, or this specific
crystalline form does not exist in test
composite.

The thermal image of a selected region of
friction spun yarn composite (Figure 2.a)
reveals very tightly packed fibres. In this
composite distances between glass fibres
are very short (about 2 um, according to
Table 2, see page 82). The curves (Fig-
ure 2.b) do not show any deviation from
a linear plot. Thus, the cantilever tip is
expected to touch the glass fibres tightly
packed in the friction spun composite
when a pnTMA investigation is performed,
or the quantity of crystalline forms of PA
6 is too low to be exhibited during micro-
thermomechanical analysis.

For composites manufactured from twist-
ed yarn, where the fibres are arranged
uniformly and the distances between fi-
bres are much longer than in friction-spun
yarn composites, averaging about 5 um,
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the presence of two different peak posi-
tions on the temperature-displacement
curves could be identified by pTMA in-
vestigation (Figures 3.b, 4.b). Tempera-
ture values of 220 °C and about 210 °C
allowed to identify the existence of o and
y forms in the composite matrix. Similar
results were obtained using DSC studies
presented in paper [29].

In a composite manufactured from tex-
tured yarn, where distances between fi-
bres are similar to distances in twisted
yarns composites but their arrangement
being less uniform, the existence of only
the y form in the composite matrix was
observed. As Figure 5.b shows, a maxi-
mum displacement appeared only at a
temperature of 210 °C, which corresponds
to the y form. A lack of signal changes in
the phase diagram at the point where the
temperature is 220 °C does not eliminate
the presence of the a form. As mentioned
above, the quantity of this form is prob-
ably too low to be identified.

In each position the existence of the
crystalline forms of polyamide 6 were
revealed at places far from the glass fi-
bres. The farther the distance between
the fibre and measurement location, the
more stable the form observed was. For
example, a high quantity of the o form
was observed in areas where the fibres
were placed at longer distances from
each other. According to literature [30],
composites of high quantity in this form
should be characterised by a high tensile
strength.

Mechanical properties
of the composites

The results of investigations of the me-
chanical properties of hybrid yarns and
respective composites are presented in
Table 3. The symbol “1” given in Table 3
is related to the first break resulting from
damage to more rigid fibres i.e. glass fi-
bres in hybrid yarns, and the symbol “II”
is related to the second peak, describing
the break of polyamide fibres.

The results presented in Table 3 indicate
that the different conditions that occur
during the manufacturing of hybrid yarns
influence the mechanical properties of
reinforcing and matrix fibres. However,
it is impossible to determine the range
of these changes for each component be-
cause a hybrid yarn constitutes an insep-
arable unity. Thus, to determe the level
of utilisation of reinforcing fibres in the
yarn, the ratio of the breaking strength of
a hybrid yarn to the breaking strength of
a reinforcing multifilament was calculat-

ed. The results presented in column four
of Table 3 shows that the value of this
coefficient changes from 0.33 to 0.55.
The lowest values occur for texturing
technology and the highest for twisting
and friction spinning techniques. For the
last two techniques the values are 0.55
and 0.53, respectively.

Analysis of the results presented in col-
umn five and six shows that there is no
direct relationship between the tenacity
of hybrid yarns and the tensile strength of
composites made out of these three types
of yarns. The lowest value of tensile
strength was achieved by the composite
made from friction-spun yarn not from
textured yarn. In the first case the tensile
strength was equal to 348.0 MPa, where-
as in the second case the tensile strength
decreased to a value of 152.3 MPa. The
highest value of tensile strength, equal
to 400.3 MPa, was obtained for com-
posites made from the strongest twisted
yarn. The highest tensile strength of this
yarn, a uniform arrangement of reinforc-
ing fibres in the composite and an almost
full coat of the reinforcing fibres by the
polyamide matrix, cause that the twisted
yarn composite is also characterised by
the highest value of Young’s modulus,
with a value of 12.5 GPa.

¥ Discussion

The results presented in Table 3 indicate
that the application of the hybrid yarns,
characterised by a different structure and
consisting of the same content of rein-
forcement fibres, had a great influence
on the mechanical properties of resultant
composites. The study of friction yarns
and texturing yarns indicates that there
is no simple proportional relationship
between the mechanical properties of the
hybrid yarns and the mechanical proper-
ties of composites manufactured out of
these yarns. The mechanical properties
of composites are dependent on both the
tensile properties of the reinforcement fi-
bres and on the properties of the matrix.
The properties of the matrix can be var-
ied during the solidification process and
are influenced by the arrangement of fi-
bres in the hybrid yarns.

The formation of polyamide 6 matrix of
a different crystalline structure is con-
nected with the existence of different
thermal conditions in local fibre/matrix
systems during the composite manufac-
turing process, especially during cooling.
At a temperature of 260 °C the polya-
mide fibres melt within 15 min and their
crystalline regions are destroyed by the
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heat delivered . During the next step, the
cooling of the whole system to room tem-
perature, the polymer alloy consolidates
and a composite is formed. During this
process, the glass fibres with a lower
thermal conductivity than that of polya-
mide 6 maintain a higher temperature
relatively longer than the matrix. This
is the reason why the first crystal nuclei
appear at some distance from the fibre
surface, where the polymer temperature
decreases to the value required for the
commencing of nucleation. Approaching
the fibre, the temperature gradient of the
matrix rises, and according to Ziabicki’s
theory, the degree of crystallinity of the
polymer matrix in such regions should be
smaller than in regions of the matrix far
away from fibres in the bulk matrix. This
phenomenon was confirmed by tests,
completed at various locations of the
composite matrix both distant and close
to the reinforcing fibres, using unTMA.
A localised heating procedure allows to
illustrate physical changes in the state of
the matrix in relation to its supermolecu-
lar structure. If the quantity of particular
crystalline forms was big enough to pro-
duce a change in the phase signal, a sharp
peak would appear in the diagram, indicat-
ing the local melting point of this region.

In the case of friction spun yarn, where
the composite is reinforced with fibres
closely packed in the matrix, the ex-
istence of crystalline forms of polya-
mide could not be detected by unTMA.
However, it is obvious that crystalline
forms may exist. However, the pTATM
2990 Micro-Thermal Analyser is unable
to characterise regions of <2 um because
of its tip geometry and boundary effect,
as described in detail elsewhere [20].
Furthermore, there seem to be other in-
fluences of thermal conductivity.

Both in twisted and textured yarn com-
posites, where reinforcing fibres are
placed farther from each other than in
friction-spun yarn composites, the y crys-
talline form was found. A sharp peak was
observed in the diagram at a temperature
of 210 °C, corresponding to the melting
point of this form. Moreover, in twisted
yarn composites, besides the y crystalline
form, the a crystalline form was also de-
tected. The results of local thermal analy-
sis were confirmed by an analysis of the
supermolecular structure completed by
means of Differential Scanning Calorim-
etry (DSC) and Wide Angle X-ray Scat-
tering (WAXS), as described in [31].

The results achieved by both methods
confirmed that the degree of crystallinity
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of matrix achieves the highest value in
twisted yarn composites, where glass fi-
bres are distributed evenly and distances
between fibres are relatively longer then
in textured and friction spun yarn com-
posites. Additionally, the DSC analysis
indicated the presence of two main crys-
talline forms, o and vy, in the composites
investigated. The highest ratio of the a
to y form was found for the twisted yarn
composite, the textured yarn compos-
ite having second highest, and friction
yarn composite the lowest. The diversi-
fied supermolecular structure of matrix
obtained for the composites investigated
had an influence on the tensile properties
of the test material.

Composites of friction spun yarn of com-

pact structure with a weak intermixing of
constituent fibres is a special example of
that. In spite of a very high tensile strength
of the yarn, with a value of 26.1 cN/tex ,
the friction spun yarn composite exhib-
ited the lowest tensile strength among the
three kinds of composites, with a value
of 152.3 MPa. However, the supermo-
lecular structure of the hybrid yarn com-
posite matrix exhibited the lowest degree
of crystallisation in comparison with
other composite samples, which finally
had a negative influence on the tensile
strength of the composites. The textured
yarn composite manufactured from the
yarn with the lowest tensile strength had
the relatively high tensile strength of
348.0 MPa. The matrix of this composite
had a higher degree of crystallinity than
that of the composite made of friction
spun yarn. The twisted yarn composite
with the highest matrix crystallinity and
the biggest content of o phase in the ma-
trix, made of the yarn with reinforcing
fibres of the highest tensile strength, ex-
hibited the highest tensile strength in the
direction of the yarn axis.

M Conclusions

The discussion presented allows to draw

the following conclusions:

1. The architecture of continuous glass
fibre distribution in polyamide ma-
trix caused by the structure of hybrid
yarns possesses a great influence on
the mechanical properties of resultant
composites.

2. Local thermo-mechanical analy-
sis using the pTA ™ 2990 Micro-
Thermal Analyser showed that the
degree of crystallinity of polyamide
matrix, depending on the architecture
of the glass fibre distribution in the
polyamide matrix, leads to different
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melting points. It was proven that in
twisted yarn composites, where the
fibres are distributed uniformly in
the matrix and placed at relatively
long distances from each other, the
polyamide matrix is characterised
by the highest degree of crystallinity
and the highest content of the o crys-
talline phase. In the case of friction
spun yarn composite reinforced with
glass fibres, closely packed in matrix,
the existence of a crystalline form of
polyamide was not detected.

3. Among the composites obtained from
the hybrid yarns parallelly placed, the
twisted yarn composite is character-
ised by the highest tensile strength in
the direction of the yarn axis, equal to
400.3 MPa. It results from the high-
est crystallinity of matrix, the highest
content of the a crystalline phase in
the matrix and the highest residual
tensile strength of reinforcing fibres
after the commingling process.

4. Among the hybrid yarns studied, the
twisted yarn is the most suitable tex-
tile structure for manufacturing rein-
forced composites.

Editorial note

1) The notation ‘micro-thermomechanical’ is
related to function of the Micro-Thermal
Analyser apparatous and the measuring
method performed by it, and not to the
mechanical tensile strength testing of the
samples by an Instron tensile tester.
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