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ABSTRACT

The microstructure of a unidirectional glass-fiber composite material is described seeking especially for the
influence of the stitching perpendicular to the faioement. Serial cutgre performed through the
composite and the microstructure is quantified usiodajl parameters and linear morphological analysis. A
key result is that the stitching induces variationsher$ spacing within the yarns and in the matrix volume
between the yarns. This can affaoticeably the flow of the resin dog the manufacturing process and also

the mechanical propies of the composite.

Keywords: microstructure, serial sections, stitched composites, unidirectional fiber composites.

INTRODUCTION as a function of the lay-up and the desired fiber
volume fraction may greatly contribute to ameliorate the

Continuous fiber-reinforced polymer compositeg’T0CeSS route. A fibrous reinforcement is generally

; : o escribed in the producers catalogues by the
:reerorl::ﬁ':ij csmtoa s\g(l)dr?s réngr?el;: ;ppg%%tgns.’rhzongharacteristics of the fibers (radius, weight by unit

mose of the reinforcement is 1o offer s ec'f'clength' number in a bundle) and the dry fabric (type
purp : : PECNCng weight per unit area). But these information are

glass or carbon fiber yarns arranged in bi-dimensionglring resin infiltration. A few works were reported
fabrics, 3D preforms or mixed structures such agn the rearrangement of fibrous canvas in the stacking,
stackings of multiply multiaal fabrics (see Lundstrém, the compression and the resifiltration stages, but the
2000 and Lomovet al., 2003 for details). Owing to results are contradictory (Gauwtal, 1994; Cheret
their versatility, bi-dimesional fabrics are commonly al., 2001; Cadinot, 2002) and hardly applicable to
used. Among these fabrics, the woven ones are madenoéterials processing. Moreover, these investigations
yarns orientated along two directions, the weft and thiecus on the reinforcement although the resin
warp. Due to its simplicity, a stacking of unidirectionalinfiltration relates to the space between the fibers.

fabrics is the starting point for researches on liquid | the present study, we investigate the micro-
molding process (Gebart, 1992; Papathanasiou, 199§} cture within and around the glass fibers bundles
and mechanical properties (Albera al, 1999) of of ynidirectional carbon/polyester laminates using
composites. A unidirectional fabric is made ofstereology, in order to define, without modeli-sation,
continuous fibers orientated the warp direction. For more sophisticated parameters than the classical fiber
practical purposes, small weft yarns are used to growplume fraction.

the fibers in yarns and link the yarns within a ply.

This work is part of an investigation program MATERIAL
undertaken in the aim to supply composite manu-
facturers with liable data on the characteristics of the The composites elaborated during this work are
porosity within the fiber architecture. The knowledgebased on a stacking of parallel plies of unidirectional
of the space available for the resin within the prefornglass fibers fabrics. In these fabrics the small weft
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yarns, which usually link the fibers, have been3 g/nf) as it is schematically presented in Fig. 1.
replaced by small stitching yarns. These particular The polymer matrix of the composite is an

fabrics can then be classified as non-crimp stitcheG,catrated polyester resin (Enydyne D 20-5361 TAS
fabrics (Lomovet al, 2003) more than woven ONeS.cray Valley) combined wh a M.E.K.P. catalyst ’
The stitching yarns are intended to avoid the effect qberoximon K1). During the polymerization lap time the
waviness of the fibers encountered in classical warpnpregnation of the reinforcement is made in two steps:
knitted unidirectional fabrics. i) the filling of the plies bythe resin, ii) the compression
of the whole set of superimposed wet plies.

The mean diameter of the fibers is 17.4 um and

each yarn is made of roughly 2000 fibers. A ply ism

characterized by its areal density (646%9/mand pressure applied during the process provides a series
thickness (0.5 mm in loos&ate). The glass yarns of of composites with several glass fiber volume fractions.
the reinforcement are linked by chain stitchedrhe experimental conditions used for a 5-plies
polyester yarns (3 g/ the distance between which composite lead to a fiber volume fraction of 0.441. A
is approximately 11 mm. One over two consecutivglane cut through this composite is represented in
polyester yarns is stitched with a small glass yarfig. 2.

The desired final thickness of the composite is 3
m. The combination of the number of plies and the

Fig. 1.Lower face of a unidirectional ply (left) and schematscription of the two types of stitching yarns, (a)
and (b), occurring alternatively along the ply.

b)

Fig. 2. Dual-scale microstructure of an unidirectional compegontaining 44.1 vol.% of glass fibers. (a) The
yarns appear in light grey color and the polymerictrixais the dark one. (b) Plane cut through a yarn.
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EXPERIMENTAL PROCEDURE dimensional measurement apparatus (Tempo from
AND RESULTS MCA7Y). The precision on Z values is about 10 pum.

Two yarns issued from two distinct plies are
chosen far from the edges of the composite and

On Fig. 2a we can observe that the yams in th\%llowed along the Z direction. Each plane section is

upper ply are darker than those in the ply irandiate'é;bserved by using a Scanning Electron Microscope
below; moreover, their css-sections look larger. The

same situation is observed for the two consecutiv(eSEM) at low magnification (x70) and digitized on a

lower plies. The darker tar of some yarns suggests square grid. The SEM is preferred to the optical
microscope due to a better contrast between phases.

the existence of a higher ratio of polymeric matrix inT : )
) welve serial sections through one yarn are presented
these yarns. Several parameters can explain this

heterogeneity: the location of the cutting plane in the' Fig. 4.
composite, the compression applied to the yarns .
during the manufacturing process... From the analysis GLOBAL ANALYSIS: GEOMETRY OF

of 239 yarns sections in the material it follows that THE YARNS

there are noticeable differences between cross- From the images of Fig. 4, the following qualitative
sections areas issued from separate plies but thereolsservations can be madettig extension of the yarn
no systematic variation of the cross-sections areapans two extrema as a function of Z, ii) two different
through the thickness of the composite. This lasthapes are observed for the sections of minimum size

point discards the influence of the stress appliegthis is confirmed on the second set of sections that
during the process. As the number of fibers remainsas not been reproduced here).

the same from one ply to another, the heterogeneity
may be due to the presence of the stitching polyester
yarns. In order to check this hypothesis it is necessar
to analyze the composite along the direction of th
glass yarns.

These observations are quantified with the
erimeter”, P, and the “area”, A, of the yarn for each
ection. Several definitionsf these parameters can be
given in the case of a yarn (from a convex envelope,
from maximal Feret diameters, etc). However, they can

SERIAL SECTIONS be defin_eql_after_ simple morpho_logical transformatio_ns

on the digitized images of the microstructure: a closing

A three dimensional exploration of the micro-is made on the fiber phase of the yarn by using the
structure of isolated yarns by serial sections has be@phelion software. As can be seen on Fig. 5, P
tuned. The elementary volume of observation iglecreases and A increases when the size of the
0.5xmmx2 mmx11 mm. The depth 11 mm correspondsiructuring element increases but the variations
to the distance between two stitching yarns. The ardgcome negligible beyond a minimum sizeg.,
0.5 mmx2 mm is the minimal rectangular area aroungbughly two times the fiber size. This closing size,
a yarn as can be seen on Fig. 2b. For microstructun@easured from the yarn section possessing the lowest
examination the sample is embedded in an epoxgurface fraction of fibers, is then used for all yarn
resin and mounted on a plane metal base faross sections. After closing the yarn appears as a
successive grindings (Fig. 3). A thickness between lihique connected object containing a few holes that
um and several mm can be removed with a grindingan be easily removed. The area of the yarn is
machine. Then the sample is polished on SiC graimeasured on this imagecf( Fig. 6). Then, the
inlaid papers (1200, 2400 and 4000 grades) and 1udifference between this set and its corresponding
grade diamond paste. The thickness of the removegloded set of size one defines a perimeter of the yarn
layer, typically 1 mm, is measured by means of a tricf. Fig. 6).

Fig. 3.Spatial reference of the samples: the Z axis corresptnti®e direction of the yarns and the sample is
cut perpendicularly to this axis.
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Z =0.98 mm Z =6.33mm

Z =292 mm

Z=9.14 mm
Z =458 mm Z =10.22 mm
Z =543 mm Z=11.11 mm

Fig. 4.Serial sections through a yarn along the Z axi® (vidth of the yarn is approximately 1.5 mm).
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The results are presented in Figs. 7 and 8 for thanique curve presented in Fig. 9. The period of this
two yarns studied. P and A follow the same evolutiorturve, 22 mm, is two times the distance between the
as a function of the altitude Z of the cutting planestitching yarns. The two minima can be attributed to
Very large variations of these parameters arthe two types of stitching polyester yarns the
observed for both yarns and the distance between theinforced one leading to the lowest valak Fig. 1).
extrema of the curves is directly correlated with thé\ further study is necessary to check whether this
distance between the polyester stitching yarnsvolution is restricted to the periphery of the yarn.
(11 mm). If the section areas are normalized by theilfhe analysis of the yarns at higher magnification
respective mean values (0.62 framd 0.60 mrf), the  provides an answer to this question.
two yarns can even be described simultaneously by a

Fig. 5.Perimeter and area of the section of a yarn asracfion of the closing size (the perimeter and the area
are normalized by their respéot steady state values).

Fig. 6.Surface and perimeter of a yarn defined by morphological transformations.

Fig. 7.Perimeters of two different yarns as a functiothef position of the cuttinglane along the Z axis.
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Fig. 8.Areas of two different yarns as a functiortted position of the cutting plane along the Z axis

Fig. 9.Heuristic description of the section areas through hyatins (normalized by their respective mean values).

LOCAL ANALYSIS: measure, corresponds to the mean area directly seen
MICROSTRUCTURE OF THE YARNS from all points x of M.

For each serial section, one field of analysis The linear erosions have been made along the
covering 30% of the yarn area is centered at thiur directions. = 0°, 45°, 90° and 135° in order to
barycentre of the yarn. Let P(M,}, the probability reveal a possible anisotropy. The directiin= 0°
for a segment of length | and directionto be corresponds to the major axis of the section of the
included within the matrix phase M. This probabilityyarn,i.e., it is contained in the plane of the ply. The
can be calculated as a function of | from lineadirection . = 90° is parallel to the stacking direction,
erosions of the matrix phase (Serra, 1982) and the, to the direction of the compressive stress applied
following parameters can be derived: during the elaboration process. The measurements do
not present significant differences between the four
directions and only the results far= 0° and 90°,

respectively L(M,0), L(M,90), St(M,90) and
St(M,90), have been reported here.

i) the areal fraction of the matrix phase,(M);

i) the mean free path, weighted in number, through
the matrix phase,

L(M,D P(M,0, D/P(M,0, D

The experimental results are presented in Fig. 10.
where P'(M,0, D is the derivative ofP(M,0, [); P P 9

At first, the values of A(M) calculated from this

iii) the star function in 2D space, local analysis are compared in Fig. 10a with those
f deduced from the whole yarn.g, not from the

St,(M, D [2$P(M,0, D] 3.P(M,I, D.dl. restricted field of analysis but from the whole yarn
0 area). The variations of M) are less pronounced

That function can be explained in the followingfor the heart of the yarndn for the whole yarn. This
way: from a point x of the matrix phase M let us drawcan also be observed in Fig. 4a. Nevertheless the
a straight line through M between x and the fibrougvolution of the mean free path and the star function
phase; when the direction tifat line describes all the in Figs. 10b and 10c are comparable to the previous
space we sweep the whole area of M directly seevbservations made for the area and the perimeter of
from x; the star function in 2D space, weighted irthe whole yarn.
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(@)

(b)

(€)
Fig. 10. Microstructural parameters of the polymeric phaseoime yarn as a function of the position of the
cutting plane along the Z axis: (a) Areal fteom (b) Mean free path (c) 2D star function.

173



BizeT L ET AL: Serial sections through a continuous fiber composite

Z=2.20mm Z=8.29 mm
Z =3.20 mm Z=930mm
Z =420 mm Z=10.27 mm
Z =520 mm Z=11.27 mm
Z=6.20 mm Z=12.18 mm
Z=7.28 mm Z=13.16 mm

Fig. 11.Serial sections through a R.T.M. sample along tlaiZ (the volume fraction of glass fibers is equal to
0.55 and the thickness of a layer is approximately 0.4 mm).
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SERIAL SECTIONS THROUGH A R.T.M. localized residual stressesiathact to depress the first
COMPOSITE damage threshold and promote further damage

_ , development. For unidiréonal non crimped stitched
Finally the analysis performed on a yarn could beomnosites the stitching yams influence the cross

undertaken on the whole microstructure of & composit€ection areas of the glass fiber bundles and the width
In another sample elaborated by Resin Transfeft ihe matrix phase between them. Increasing the
M_oldmg (R.T.M.), the stitching yarns_of the successiVejistance between the stitching yarns reduces the
plies have been manually superimposed. In thi§ensity of matrix rich domains of the laminate. That

particular case the areal fraction of the matrix phasggits in a higher mechanical damage threshold
between the yarns (dark phase) exhibits two maxima gg

_ : %‘(‘Eeda”y under cyclic loading conditions. Then, the
can be seen on Fig. 11. The small glass yarns associ r-spacing between the stitching yarns should be as

with one over two stitching yams (schematicallyjyrge as possible in the pradfitimits of the handling.
presented in Fig. 1a) are experimentally observed on a

few images in this figure. The maxima are again
closely related to the distance between two stitthing ACKNOWLEDGEMENTS

yams: the area of the matphase between the yams  this work was financially supported by the
is maximum in the vicinity of the stitching yarns. “Réseau inter Régional Matériaux Polyméres et
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small perpendicular stitching yarns induce large Available atthe internet address: _
variations in the fiber szing within the yarns. These http://www.I§|.mdustne.go.uv.fr/l?lbl|oth/docu/d055|ers/
variations are conversely observed for the matrix phase sect/pdifrapfinal_long.pdf; 9-11:52-66. .
between the yarns. To our knowledge, the influence &fizet L., Breard J, Bouquet G, Jernot JP, Gomina M (2004).

the stitching yarns on the microstructure of unidirect- L?ﬁgf;?éfg | %freggrrmebi/bgig)rir:]etﬁcglntijdeirsecﬁ:;::)arl: (;Otrr‘]'e
lonal composites had never been examined. porosity. To appear in the proceedings of the 7th Inter-

One of the main effects of the stitching yarns is  national Conference on Flow Processes in Composite
the existence of a double-scale porosity. This is of Materials, 2004 July 7; Newark, Delaware, USA.
first importance for the liquid molding process as th&adinot S (2002). Ph.D. Thesis, 2002 December 10, Le
macroporosity (around the vyarns) controls the Havre University, France.
permeability (Choi, 1998; Bizett al, 2004). Moreover, Chen B, Cheng AHD, Chou TW (2001). A non linear
by their influence on the yarn cross sections, the compaction model for fibrous preforms. Composites,
stitching yarns will modify the interactions between  Part A 32:701-7.
flows in macropores and micropores. This studyhoi MA, Lee MH, Chang J, Lee SJ (1998). Permeability
affords a more precise description of the structure modeling of fibrous media in composite processing. J.
than does the fiber volunfeaction. The macroporosity ~ Non-Newtonian Fluid Mech. 79:585-98.
can be modelised indirectly with the perimeter andsebart BR (1992). Permeability of unidirectional reinfor-
area of the yarns and the microporosity with the mean cements for RTM. Journal of Composite Materials
free path or the star function. Therefore, the micro- 26:1100-33.

structural parameters needed for the simulation of tHeauvin R, Lemenn Y, Clerck P, Trochu F (1994).
liquid molding process are available. Compaction and creep behaviour of glass reinforcement

for liquid composites molding. In: Proceedings of the
Concerning the mechanical properties, the 10" Annual A.S.M./E.S.D. Advanced Composites
influence of the weft is well known for bi-directional Conference, 1994 Novemb#@; Dearborn, Michigan,
woven fabrics as its overlapping with the warp induces USA, 357-67.

175



BizeT L ET AL: Serial sections through a continuous fiber composite

Lomov SW, Verpoest |, Peeters T, Roose D, Zako MPapathanasiou TD (1996). A structured-oriented micro-
(2003). Nesting in textile laminates: Geometrical mechanical model for viscous flow through square
modelling of the laminate. Composites Science and arrays of fibre clusters. Composites Science and

Technology 63:993-1007. Technology 56:1055-69.
Lundstrom TS (2000). The permeability of non-crimpserra J (1982). Image analysis and mathematical morphology.
stitched fabrics. Composites Part A 31:1345-53. London: Academic Press.

176



	SERIAL SECTIONS THROUGH A CONTINUOUS FIBER-REINFORCED POLYMER COMPOSITE

