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In this paper we describe the production, properties and morphology of hot compacted
2-dimensional woven high modulus polyethylene fibres. The aims of the work were to
establish the optimum conditions for production of the compacted woven PE sheets using
a combination of mechanical measurements at Leeds and morphological investigations at
Reading. This joint approach had proved very successful in a previous study on the
compaction of unidirectional arranged PE fibres, where the optimum compaction
temperature was established as 138°C, where ~10% of the original fibres were melted.
Morphological studies clearly showed that the melted material had recrystallised,
epitaxially, onto the original fibre backbones, forming a coherent network to bind fibres
into a continuous structure. The current studies, using the woven PE material, showed that
a higher temperature was needed to fill all the space between the woven polyethylene
fibres, and so produce a coherent material. Peel tests, where two layers of cloth are
compacted together and then pulled apart, were carried out over a range of compaction
temperatures to measure the interlayer bond strength; this increased with increasing
compaction temperature. Significantly, reasonable bond strengths were established at the
optimum temperature established for the unidirectional samples (138°C measured on the
mould or 136°C in the centre of the fibre assembly) which produces ~10% melted and
recrystallised material, although a higher interlayer strength was measured at higher
temperatures where more of the melted phase was produced. Morphological
investigations of woven samples with ~10% melted material, showed that while the
individual fibre bundles were well bonded, not all of the complicated junctions between the
fibre bundles in the woven network were completely filled with melted and recrystallised
material, and that a temperature 2°C higher than for 1D compactions was probably
optimum. The optimum temperature was found to fall very close to the temperature at
which complete melting of the fibre occurred. © 2000 Kluwer Academic Publishers

1. Introduction PE composites studied elsewhere. The optimum value
Recently, technical, commercial and ecological considof this parameter, for the unidirectional fibre arrange-
erations have been combined in the production of “onement, was found to be just inside the melting range of
polymer composites”, in particular those of polyethy-the fibre, such that a small fraction of the surface of
lene (PE) where a high-modulus polyethylene fibre iseach fibre was melted. At this temperature, which was
bonded with a polyethylene matrix. Normally the fibre established as 138 for melt spun polyethylene fibres,

is made of a high molecular weight linear PE with asufficient melted material~10-20%) was produced
matrix of a lower-melting type of PE, either LDPE or to form a ‘matrix’ phase to bind the structure together,
LLDPE [1-5]. However, previous work at Leeds Uni- while leaving intact a substantial fraction of the original
versity [6] has shown that unidirectionally arrangedoriented fibres. The ‘hot compacted’ material therefore
high modulus melt spun polyethylene fibres can beexhibited a high longitudinal stiffness and strength, by
compacted into a continuous material using suitablevirtue of the retention of a substantial percentage of the
conditions of temperature and pressure, with only theoriginal oriented fibres+80-90%), while the fibre to
one PE, namely the fibre, being supplied. The criti-fibre bonding developed by the recrystallised phase was
cal parameter for the ‘hot compaction’ process wassuch that transverse failure occurred within the fibres
found to be the compaction temperature, which needethther than at the interface between them. The morpho-
to be much more precisely controlled than the mixedogical studies carried out at Reading [7, 8], showed
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clearly that at the optimum temperature of 188suf-  higher pressure of 2.8 MPa (400 psi) was applied. The
ficient melted material had been produced to fill all theassembly was then cooled to below 1CQstill under
gaps in the structure. At this compaction temperaturgressure, and then removed from the press.
the distances between the fibres were small enough to The compaction temperature is normally measured
allow the recrystallised lamellae to bridge the inter-fibreby a thermocouple placed into a drilled hole in
distance without changing molecular orientation. the matched metal mould. The optimum temperature
One consequence of the unidirectional fibre arrangequoted above from the previous unidirectional tests,
ment was the extremely high level of anisotropy shownof 138 C, was determined in this way. Recent exper-
by the compacted plates, with a high stiffness andments, carried out by placing a thermocouple in be-
strength in the fibre direction (36 GPa and 90 MPatween the woven layers during compaction, have shown
respectively) and lower values in the transverse directhat the temperature in the assembly~2°C lower
tion (1.5 GPa and 25 MPa respectively). While thesethan the mould temperature. Therefore, for a number of
properties could have potential applications, itis clearlysamples, a thermocouple was placed between the cloth
advantageous to be able to provide more balanced propayers during compaction (one side of the mould was
erties. In this paper we report on a study of the com+emoved to facilitate this) to calibrate this temperature
paction of woven PE fibres. The fibre used for thesdlifference.
studies was the same as that used in the previous Henceforth, compaction temperatures will be distin-
work, namely CERTRAI® melt spun high modulus guished according to whether this was measured on the
polyethylene fibres (formerly known as TENFGR  mould or in the centre of the fibre assembly.
manufactured by Hoechst Celanese, U.S.A. Compacted
sheets, made from woven PE cloth, were found to have
much more balanced properties, with a lower, but bal2.2. Mechanical tests
anced in-plane modulus and in-plane strength. The stiff2.2. 1. Peel tests
ness of these compacted PE sheets, of about 10 GPaamples for T peel tests, (following ASTM D1876),
was still much higher than would normally be possi-were made by compacting two layers of cloth together,
ble with any unreinforced, or even oriented, polymericwith a thin layer of foil, 10 mm wide, at one end to
sheet material. In contrast to the situation in polypropy-act as a subsequent starter crack. The samples were
lene, where unidirectional compactions are unsuitablsubsequently pulled apart, at a crosshead speed of
owing to the great retraction force in this material, and50 mm/min, using an RDP tensile test machine, and
two-dimensional compactions are necessary to achievie average peel load was determined.
a useful product [9, 10], the motivation here is the prop-
erties of the final product, rather than any limitations )
imposed by the process itself. 2.2.2. Tensile tests
Samples were made at temperatures above and b&he modulus of the compacted plates was measured un-
low the optimum compaction temperature establishedler tensile loading. Dumbbell shaped specimens were
from the previous unidirectional studies, and a combi-Cut from the compacted sheets using a standard cut-
nation of mechanical measurements and morphologicd€! (gauge length 25 mm, width 4 mm). Samples were
investigations has been used to investigate the propetested using an RDP Howden tensile test machine and

ties of these samples in order to establish the optimur@ Messphysik video extensometer for measurement of
compaction temperature for the woven samples. strain. The tensile tests were carried out at a strain rate
of 104s1.

2. Experimental

2.1. Compacted sheet production 2.3. Differential scanning calorimetry

Woven cloth, produced from multiflament yarns of Differential scanning calorimetery experiments were
CERTRAN® high modulus melt polyethylene fibres carried out using a Perkin Elmer DSC-7. Partial melt-
(~15umdiameter), was supplied by Hoechst Celaneseing studies were carried out on the original fibre in order
U.S.A. The weight average molecular weight of the fi-to establish the fraction of melted material produced at
bre was 150,000, the polydispersity was 8.8, and th&arious ‘compaction temperatures’. In orderto replicate
tensile modulus of the fibre, measured at a strain ratéhe level of constraint seen during compaction, when the
of 1074 s71, was 42 GPa. The woven cloth weight was woven fibre assembly is under pressure throughout the
175 g/nt, and was a plain weave construction. The hotprocess, the fibres were wound around a crumpled DSC
compaction process followed broadly that used for thegpan lid and then knotted to hold them at a fixed length.
previous polyethylene studies, but for the woven samThe partial melting tests involved raising the tied fibre
ples a closed matched metal mould was used rathdsundle from 25C to a fixed temperature (the ‘com-
than the open ended mould used for the unidirectiongbaction temperature’), at a rate of 60 K/min, holding
studies [6]. Pieces of cloth, 125 mm square, were cufor a dwell time for 2 minutes, and then cooling back to
and stacked into the mould (4 layers for each 1 mm25°C. A full melting scan was then run at 10 K/min, to
of compacted sheet thickness). The mould was placedscertain the percentage of melted material achieved at
into a hot press set at the required compaction tempeeach temperature. Full melting tests, also at a scan rate
ature, and a pressure of 0.7 MPa (100 psi) was applieaxf 10 K/min, were carried out on compacted samples
Once the assembly reached the compaction temper#o establish the percentage of melted material at each
ture, it was left to dwell for 2 minutes at which time a process temperature. Although, in principle, it should
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be possible to choose an optimum compaction temperaable to those published previously [12], in a study of
ture from the partial melting experiments, as describedhe effects of cross-linking on compaction behaviour:
above, there is often an offset between the measuretthe only difference is that the previous melting results
mould temperature and the temperature in the centre aflere for unconstrained samples. The constrained sam-
the fibre assembly. The thermocouple experiments werples show a shift to higher temperatures, due to the su-
used to calibrate this offset for the particular heatedperheating effects of the constraint, but otherwise the
press used. curves are very similar.
The series of scans in Fig. 1 show that, with increas-

ing temperature, the fraction of melted and recystallised
2.4. Morphological studies material increases at the expense of the original oriented
Cutsurfaces suitable for examination after etching wergipre phase. Whereas the position of the peak due to the
made with a diamond knife on a microtome. After cut- original oriented phase, at a temperature-a44°C, is
ting, specimens were etched for 2 hours under constanfnaffected by the partial melting, the lower temperature
agitation with a permanganic reagent consisting of 1%peak, due to the melted and recrystallised material shifts
w/v potassium permanganate in a mixture of 10 volsyp in temperature with increasing soak temperature. If
concentrated sulphuric acid to 4 vols. orthophosphowe attribute the position of the peaks to crystal size,
ric acid (Merck reagent, min. 85%) to 1 vol. distilled then we can surmise that as the amount of melted ma-
water [11]. Etched surfaces were either gold coatederial increases, so the crystal size increases. However,
and examined under a Philips 515 SEM, or else replithe peak position can also be affected by constraint,
cas of the etched surfaces were taken with Ce”UIOSQnd so further work would be required to confirm the
acetate softened with acetone for TEM (transmissiofiechanism for this shift in the lower peak.
electron microscopy). The dried cellulose acetate films |nterestingly the crystallinity of the melted material
were then coated obliquely with tantalum/tungsten andcompletely melted at 14€) is lower than the crys-
backed with carbon, after which the cellulose acetatga|linity of the original fibre, with values of the enthalpy
was dissolved away leaving the final replica for exam-AH of 164 and 237 J/g respectively. We can therefore
ination under the TEM. Examination of the peel teStexpress the Changes seen in F|g 1 in two ways: either
fracture surfaces (not etched) was carried out using thgs a percentage decrease in the original oriented phase
Phillips 515 SEM. (Fig. 2a), or as a percentage increase in the melted and
recrystallised phase (Fig. 2b). These two relationships
were formed by normalising the percentage of the ori-
ented phase to 237 J/g and the melted and recrystallised
3.1. DSC results _ phase to 164 J/g. Both show essentially the same infor-
The first experiments to be carried out were the paryation. that there is a non-linear increase in the melted

tial melting experiments. Constrained bundles of fibre, recrystallised phase with increasing temperature.

were taken to a fixed temperature, held for 2 min, andyjihough there is a roughly linear decrease in the ori-
then cooled. Fig. 1 shows the subsequent melting enspieq phase up to 138, above this there is a sharp
dotherms for these samples. These results are compgznsition and by 14(C the fibre is completely melted

after a 2 minute soak. This transition has important im-
plications, for whereas the temperature required for op-
timum compaction of unidirectionally arranged fibres
(~10% melted or 135-13€) is well away from this
transition, the temperature needed to produce the higher
fraction of meltrequired tofillthe gapsin a woven struc-
ture is bound to be closer to the transition. The closer
to the transition the optimum temperature is, the better
the temperature control over the required compaction
area will need to be, for if the temperature passes the
transition, complete melting of the sample will occur.
It is worth a comment that in our work on the effect
of crosslinking on compaction behaviour [12], it was
established that the crosslinked materials did not show
this sharp transition in melting behaviour, but rather a
138C monotonic decrease in the fraction of the oriented phase
(and the corresponding increase in the melted and re-
crystallised phase) with increasing temperature, and an

139C
’/\ associated larger processing window.
There is an issue here on the quoted value of the

140C . . .
optimum compaction temperature. In our previous

3. Results
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Temperature (°C) ing processing, optimum properties were obtained at a
temperature of 13&, and this gave-10% melted and
Figure 1 DSC traces for partial melting experiments. recystallised material. However the DSC studies shown
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3.2. Mechanical results

3.2.1. Interlayer adhesion

In the compaction process there is always a trade-off
between the loss of the oriented phase, and the associ-
ated loss of stiffness and strength, and the development
of inter-fibre bonding due to the increase in the melted
and recrystallised phase. Peel tests were carried out
for samples made over a range of compaction tempera-
tures to assessthis trend. After testing, the samples were
analysed using the DSC to establish the percentage of
melted material. The choice is whether to plot the re-
sults against the loss in the oriented phase (as Fig. 2a),
or the increase in the melted phase (as Fig. 2b). Itis per-
haps more appropriate to plot the peel strength values
vs the amount of the recrystallised phase, as it is this
factor which controls the development of the interlayer
bonding.

Fig. 3 shows the results of the peel tests. The peel
load traces always showed a sawtooth appearance, with
the load rising to a peak and then dropping to a lower
value, most likely due to the vagaries of the contact of
the two woven surfaces (see Fig. 4 later). The error bars
shown on the figure, therefore indicate the maximum
and minimum values measured, corresponding to the
peaks and troughs of the peel load traces.

It appears that the peel strength increases quite
rapidly initially, but then levels out at-30% of the
melted phase. These results mirror, to some extent, the
results from the unidirectional tests [6], where the trans-
verse strength (the inter-fibre strength), initially rose
quickly, then levelled off, and then rose again when the
sample was completely melted. The point where the
peel load levels out, is very close to the sudden transi-
tion seen in Fig. 2, suggesting that to get the best inter-
layer bonding one needs to get as close as possible to the
upper limit temperature (138 in the fibre assembly).
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Figure 2 (a) Percentage of the oriented fibre phase remaining after par-
tial melting tests; (b) Percentage of the melted and recystallised phas =
formed vs temperature.

above in Fig. 1, suggest a lower temperature is requiret
to get 10% melted material (135/135). Trials carried
out by placing a thermocouple in the centre of the fibre
assembly during compaction confirmed both sets of re-
sults, for when the mould temperature was A38he
inner temperature was measured at°I3¢similar to
the DSC measurements), and this sample gal®%
melted and recystallised material. It is therefore more
consistent to consider the fraction of melted and recrys-
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Figure 4 Fracture surface for typical peel samples.
. . . . . O ' '
The key questionis whatlevel of bondingis required? 120 130 140 150
The interlayer is liable to be the weakest link in a com-
pacted woven material, because there is only athin laye Temperature (°C)

of melted and recrystallised material to form the bond.
It is clear that~20—-30% of melted material develops a

good interlayer bond. The level of bonding seen at 25% ) i
melted and recystallised material, 7 N for a 10 mmthat flatter weaves give a higher bond strength, and that

strip, is lower than that we have obtained with com-for rougher weaves a higher compaction pressure can

pacted woven polypropylene samples [13}at0 N increase bond strc_angth, presumably by bringi_ng the |n
for a 10 mm strip, but very reasonable. The values seeferlayer surfaces into closer contact and closing up in-
with the higher percentages of the melted material, afe™a! spaces.
around 11 N for a 10 mm strip, are very similar to the
polypropylene results. It is likely that the mechanical 3.2.2. Tensile modulus measurements
properties of the melted and recrystallised material ar&amples were compacted for the tensile tests at 136,
also an important factor in controlling the interlayer 137, 138 and 13%€ (measured in the centre of the fi-
peel strength. bre assembly), and as with the peel tests, DSC mea-
Fig. 4 shows a typical failure surface from one sidesurements were carried out to determine percentage of
of a peeled sample (23% melted). The ‘bumpy’ naturemelted material produced in each sample. Fig. 5 shows
of the woven surface is very clear, with hills and valleysthe DSC traces for these four samples: the percentage
at least 30Qum apart. The failure surface shows clearly of melted material was 6, 14, 32 and 49% for 136, 137,
that the melted and recrystallised material has been dd-38 and 139C respectively. The general trend is as seen
formed significantly during the peel test. This evidencein Fig. 1, for the partial melting studies, with increasing
of stress transfer, confirms the excellent bond that hadhelted material produced with increasing compaction
been developed between the melted material and thiemperature. There are, however, a couple of interest-
oriented fibres. There is little, if any, fibre disturbanceing differences. Firstly, it is seen that the higher melting
or lifting, which suggests that the peel strength is purelypeak, due to the original oriented phase, is at a lower
governed by the percentage and strength of the meltei@mperature than the corresponding peak from the par-
and reformed phase. Obviously, although we have 23%al melting studies carried out in the DSC (Fig. 1).
melted material in this composite, only a small propor-Secondly itis seen that, as opposed to Fig. 1, the higher
tion of this is present at the interface between the wovemelting peak shifts up with increasing temperature for
layers (basically the amount of melted material that isthe first three compaction temperatures. The difference
produced around each fibre). If we assume an average the two sets of data is due to the effects of con-
fibre diameter of 15:m [7], and a volume fraction of straint. In the partial melting studies, the fibres were
melted material 0of~25%, then the layer of melted ma- constrained by winding them around a former, whereas
terial would be 2um on each fibre, or a layer gm  here the compacted samples were tested in the DSC
thick between fibres. This is a very small layer if all the unconstrained. Therefore for the unconstrained sam-
stress is concentrated there, as suggested by Fig. 4. ples, as the percentage of melted material increases,
Another important issue in the development of inter-the constraint increases and so the melting peak of the
layer bonding could be the flatness of the weave. If onlyoriented peak shifts to higher temperatures. A similar,
a thin film of melted material is produced, the flatter thealbeit much larger, effect was seen in the work on com-
weave, the more likely a good bond will be developed.paction of woven polypropylene tapes [9].
Although only one weave style has been investigated Fig. 6 shows the tensile modulus measured for
here, work on woven polypropylene tapes has suggestdtiese four samples. Also shown for comparison, is

Figure 5 DSC melting endotherms for tensile samples.
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Figure 6 Normalised tensile results for unidirectional and woven sam-

ples. all sides, but there is sufficient melted material to fill

the gaps, which has recrystallised so as to retain the
the longitudinal modulus for unidirectionally arranged same overall molecular orientation as the flbr_es them-
selves. At lower compaction temperatures, fibres are

fibres [6]. To allow a direct comparison, the re- : o X
i deformed into polygonal cross section in ordertofill the
sults for the two fibre arrangements have been nor- " - .
; . . space, and there is insufficient melt formed to bind the
malised to the maximum modulus measured, which wa3

9.9+ 0.3 GPa for the woven fibre materials from the composi;e to give good transverse s_trength. Al h_igher
current study, and 364 GPa for the previous unidi- compaction temperatures, a much higher proportion of

rectional work [6]. The compaction temperature forthethe T“e“ﬁd ?Ed recrystallls_ed ma_terl?l Waﬁ rr)]ro?_l;ced,
unidirectional samples made previously has been a({_eavmg the fibre cross-sections circular. All the IDres
justed by the 2C offset between the measured mould ouched and some had started to melt internally in re-
temperature and the assembly temperature: itis the ag- > offree volume. The recrystallised melt developed
sembly temperature which is used as 0K1(—:éxis on anded structures but remained in crystallographic reg-

Fig. 6. The first impression is that for the woven fibre ister with the fibres at the mutual interface [8]. The in-

materials, there is a much smaller temperature rangternal structure pf the fibre is etched into craters_whgre

> . - the permanganic reagent has penetrated longitudinal
over which good materials can be made. Thisis a Conaensity deficient regions in the fibres [14]
firmation of the peel test results, which showed that the The woven nature of the material cc.)mpacted at
bestbonding is produced at the highest possible tempei—

ature before the fibre melts. This will also be confirmed 38'5)(: on the mould £15% melted) IS apparent in
. : Fig. 8a, where bundles of transverse fibres appear light
by the following morphology studies.

As the temperature window for optimum compaction and the longitudinal fibres appear darker. This structure

. - . and appearance is very similar to the 2-dimensional
is narrow, it is important to achieve an even temperature

distribution through the woven polyethylene layers, as _onproperne compactions. The transverse bundles

2 through thickness temperature gradient could Ieag PP S A B0 0 12 RCIARE LICCRS SO0
to regions of either incomplete compaction, or com- y

plete melting of the fibres. Morphological investiga- re-shaped during the compaction process, but more de-

tions showed an even distribution of melting throughtall is needed to show to what extent this occurs by

. . relocation of fibres within bundles and how much by
the sample thickness, suggesting that an even tempergéformation of the fibres themselves
ture had been achieved. :

The more detailed structure of this compaction is far
from uniform. A portion of the specimen containing a
3.3. Morphology variety of features is shown in Fig. 8b. One thing that
In the work on unidirectional specimens, the morphol-becomes apparent is that the orientations of the two sets
ogy developed at the optimum temperature of°I38 offibres are far from uniform. For examplefaa bunch
(temperature measured on the mould20% melted of transverse fibres is seen emerging at the normal an-
phase) was found to have the following features as disgle, giving circular cross sections whileBa group of
played in Fig. 7. The fibre in the centre of the pic- fibres has been moved sideways, perhaps as alternating
ture is typical in that it is touching its neighbours on bundles of fibres are moved against one another during
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Figure 8 SEM pictures of 2D compactiony15% melted (a) general

view showing woven nature of material; (b) more detailed picture with §
annotations, see text; (¢) showing polygonal sections of transverse fibres

with distortion where crossed bundles of fibres meet.

the compaction process. They therefore show ellipti
cal cross sections. In some cases, as at C, they beco

grossly deformed in the process. Corresponding fea
tures are seen in the longitudinally displayed fibres,

dergone severe deformation evidenced by kink bands
within the fibres themselves.

Incomplete compactionis also evidenced by the void-
ing at G. The occurrence of this voiding in the two-
dimensional specimens implies that the geometry of
this compaction, in particular the mismatch where two
orthogonal bundles of fibres meet, will lead to a greater
proportion of vacancies so that thel0% of melt is in-
sufficient to fill these, contrary to the one-dimensional
situation. However, the total deficit does not appear in
terms of voids in the compaction: rather than the rather
few voids as at G in Fig. 8b, most of it is taken up by
deformation of fibres as at the lower compaction tem-
peratures in one dimensional systems [8]. In many areas
the circular fibre sections are collapsed into polygons as
at top left in Fig. 8c, though in addition to this mode of
deformation the two dimensional structure allows for
sideways movements and kinking and shearing of the
fibres, which tends to occur most where two orthogonal
bundles of fibres meet.

Many of these features can be seen in greater de-
tail in the TEM pictures in Fig. 9. In Fig. 9a there

where those at D are at the normal angle showmg thelIIEigure 9 (a) TEM picture of 2D compactiony15% melted. (a) region

full length, at E they are moved sideways and displayyith poor melt filing between g0bundies; (b) with better melt filling.
long elliptical cross-sections, while at F they have un-For details see text.
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is displayed a region where there is insufficient melt
formed to fill the gaps between the fibres, and the trans
verse fibres at the left of the figure have been squashe(
into polygonal cross sections, a feature also observec
in one-dimensional compactions below the optimum,
for example at 138 [8]. As one moves right towards |
the longitudinal fibres, the transverse ones become in{
creasingly distorted, and at the boundary itself there is
no actual welding of the fibres, so that the etched surface
contains a deep narrow groove. The replication material
has penetrated this and casts the long white “shadows
visible at the boundary. The longitudinal part appears
to consist of two fibres, and the one on the right has
been heavily stressed resulting in the numerous band
running across it. Fig. 9b shows a junction between &
two bundles in a region where there is more melt fill-
ing visible between the transverse fibres, but here their
structure appears different to the classic appearance ig
Fig. 7, largely due to their being pushed off angle and r_‘
so displaying elliptical cross-sections. According to the (%% =
etching mechanism, the craters becomes less prominerv Sey
as the angle increases. Some deformation of the fibref;*
has occurred where a transverse fibre has to some extel
indented a longitudinal one (arrowed). Y,
The compaction at 13&€ (measured in the fibre as-
sembly -~25% melted material) shows much more ¥
melt between the fibres: however, th|s is not unlform

not filled WeII with melt, and have undergone consid-
erable stress, leading to the kink bands in the longi-
tudinal fibres visible at top right of picture. However, &
most regions are well melt filled: the transverse fibres 5§
in Fig. 10b resemble those in Fig. 7, though there aref§
some voids, such as those at the left and right of pic-
ture, which are probably formed as the melt crystallises,
reduces in specific volume, and retracts from certain
regions. Similar voids are observed in longitudinal sec-
tion as in Fig. 10c, formed in regions of melt which
has recrystallised in the form of lamellae growing out- §
wards fromthe fibre (arrowed). Such voiding has almost
never been observed in one-dimensional compactions§
Looking more closely at such regions, the lamellae are ™
observed to grow epitaxially from the fibre surface as
in the one-dimensional compactions, but this orienta-
tion is not maintained to more than aboupgn from
the fibre surface. Nevertheless, in regions where meltis
found between longitudinal and transverse fibres, amelt
pocket such as the left-most one observed in Fig. 9b car....
be seen to be divided into two regions with the lamel-
lae seen edge-on next to the longitudinal fibre and flat-
on next to the transverse ones. However, the fibres a
these junctions are generally so distorted that the idea
appearance of two orthogonal sets of lamellae is notigure 10 SEM picture of 2D compaction;25% melted (a) general
always observed view; (b) transverse morphology in detail; (c) longitudinal morphology
We can therefore summarise the morphological and detail
the mechanical results by concluding that at the opti-
mum temperature previously established for the uni~2°C above this temperature, wher@5% of melted
directional samples, where10% melted material is material is produced. The drawback is that the tempera-
produced, good bonding is achieved within the alignedure range over which good materials can be made from
fibre bundles, but insufficient melted material is pro-the woven PE fibre cloth is quite narrow, as this tem-
duced to give good interlayer bonding. Optimum bond-perature is very close to the point where the fibre melts
ing and modulus is achieved in the woven samples atompletely.
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