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The morphology of woven polypropylene tapes
compacted at temperatures above and below
optimum
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The morphology of woven polypropylene cloth compactions, prepared at a series of
temperatures, has been examined by electron microscopy following permanganic etching.
With increasing temperature, the interior structure of the fibres is seen to undergo
progressively greater melting and recrystallization in the form of shish-kebab structures
while the volume of melt surrounding the fibres increases. The regions of recrystallized
extra-fibrillar melt show effects of flow-induced orientation in the form of row structures.
The presence of boundaries persisting where recrystallization fronts have met is
interpreted as an effect of segregation of low molecular weight material. © 7999 Kluwer
Academic Publishers

1. Introduction and 25um thick. The fibres were woven with a nomi-
Anumber of recent papers [1-4] have described the pronally plain weave (style 1863), with each tow composed
cess of hot compaction whereby individual high mod-of between 10 and 15 tapes. Compacted sheets 2 mm
ulus thermoplastic fibres, notably polyethylene [1, 2],thick were manufacturechia 7 inch (178 mm) square
may be processed to form thick section, continuousnould using a hot press. Stacked layers of woven cloth
sheets retaining comparable properties to the originalvere cut and placed in the mould and heated to the de-
fibres. Initial studies [3] on polypropylene focused, assired compaction temperature under a holding pressure
in polyethylene, on the use of unidirectionally aligned of 2.8 MPa (400 psi). Once at temperature the assembly
fibres; however this process necessitated the use of amas held for a further 10 minutes, after which a higher
open mould and, for this polymer, produced inade-{ressure of 7 MPa (1000 psi) was applied for 10 sec-
quately compacted samples even at a compaction tenonds before cooling at a nominal 3 K mihto 100°C
perature of 174C, the highest possible with this ar- under this pressure. The assembly was then removed
rangement. In the current study woven polypropylengrom the press and allowed to cool to room tempera-
tapes have been used with a closed mould arrangemetutre. Samples were compacted using this procedure at
which has allowed compaction temperatures as high aemperatures ranging from 166 to 1'%,
190°C. A previous paper [4] compared the mechani- Prior to electron microscopy, tape composite spec-
cal and thermal properties of sheets compacted overimens were cut perpendicular to their long axis using
range of isothermal compaction temperatures and rea glass knife on a cryomicrotome at a temperature of
lated these to the differing degrees of consolidation—70°C. This exposes both longitudinal and transverse
In this paper the internal structure and morphology ofsections of differently oriented tapes which could be ex-
compacted polypropylene tapes have been examineaimined as prepared or, more usually, after permanganic
for processing temperatures above and below the optietching for 1 hour in a 1% solution of potassium per-
mum (182°C) to reveal more of the nature of the crys- manganate in ad: 4 : 1 (by wlume) mixture of concen-
tallization and annealing processes involved in the comtrated sulphuric acid and orthophosphoric acid (85%)
paction process. and water, [2, 5]. In some cases the surfaces were ex-
amined using scanning electron microscopy (SEM) af-
ter gold coating, otherwise standard two-stage replicas
2. Experimental were produced for transmission electron microscopy
The materials and compaction procedures are the sanf€EM).
as those described previously [4] using individual iso- The thermal properties of certain samples com-
tactic polypropylene tapes of the order of 200 wide  pacted at 168, 172, 182 and 190, were compared by
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differential scanning calorimetry using a Perkin Elmerspace between tapes in the original structure. Attoo low
DSC-2 operating at 10 K mitt. a compaction temperature there is insufficient molten

polymer to fill all gaps but when this condition is

attained then properties are optimal. At still higher com-
3. Results and discussion paction temperatures more polymer melts than is re-
In the compaction process polymer tapes are held anguired and, since this recrystallizes as normal chain-
annealed under constraint at temperatures above thielded lamellae, the overall properties of the composite
melting point of the unoriented polymer. As the tem- decline from their peak. The morphologies of the orig-
perature is raised progressively the oriented tapes bénal tape structure and of compactions at the optimum
gin to melt and the molten material starts to fill the temperature have been described previously [4, 6]. The
present paper describes and discusses the morphologies
produced at compaction temperatures above and below
55 the optimum leading to a fuller understanding of the
190°C compaction process.
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3.1. DSC analysis

40 1 The thermal properties of the compactions can be seen
v 182°C in Fig. 1, where with increasing compaction tempera-
Eo 1 tures two peaks can be observed to develop. The lower
R temperature peak can be seen at compaction tempera-
3 tures of 182 and 19@C, with the relative sizes of the two
2 ¥ peaks varying significantly with increased compaction
R temperature. The lower temperature peak is due to re-
= 172°C crystallized material and increases at the expense of

15 4 the higher temperature peak as compaction tempera-

ture rises. This is clearly a consequence of increased
101 melting and recrystallization throughout the sample.
s |
168°C
0 3.2. Uncompacted cloth

Fig. 2 shows the woven uncompacted cloth, unetched.
When this material is embedded, etched and cut the
tapes are seen in both longitudinal and transverse sec-
Figure 1 DSC melting endotherms of samples compacted at 168, 172ti0N. A higher magnification view of a transverse sec-
182 and 190C. tion can be seen in Fig. 3a. This shows three individual
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Temperature °C

Figure 2 SEM micrograph of the original woven polypropylene fabric.
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Figure 3 (a) SEM micrograph of an etched transverse section of three polypropylene tapes. Note the cracks running perpendicular to the tape axis
and the pitted nature of the surfaces. (b) SEM micrograph of an etched longitudinal section of polypropylene tape. Note the grooves running along
the tape axis and the highly aligned fibrillar structure.

tapes in one bundle whose etched surfaces are pittexlirface are typical of highly drawn material and are a
and contain small cracks running part way across. lrconsequence of regions of high free volume (reduced
the present case it is likely that the cracks have beedensity), which have been preferentially removed by the
accentuated chemically by the etchant, and are a coretching process. These regions are observed as etched
sequence of bending forces experienced by the tapeut grooves parallel toio longitudinal section, as can
during manufacture. The small pits observed across thee seen in Fig. 3b.
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3.3. General features adjacent exterior surface (S) following etching reveals
Fig. 4 reveals an overall perspective of a sample comvery little surface topography, partly because of the ex-
pacted at 184C, with the front face (F) displaying uding oflower molecularweight material expelled from
the woven construction of the compacted block; thisthe tapes during the compaction process [7]. This is an
surface was exposed by cryo-microtomy, then etchedndication of molecular fractionation occurring during
this is representative of the sample’s internal structuréhe melting and recrystallization processes associated
(the material along the left edge is carbon cement). Thevith compaction.

Figure 4 Overview of an etched sample compacted at a temperature 6{CL84ote the different topography of the interior surface F, revealed by
microtomy to the exterior surface S.

Figure 5 SEM micrograph of an etched sample compacted at’C7Recrystallized material can be observed at a number of locations between
adjacent tapes.
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Figure 6 SEM micrograph of an etched sample compacted af C7éhowing three adjacent fibres of differing orientationBA& C. Note the two
component nature of the compaction, containing original tape and recrystallized material. Full consolidation has not been attained at thigtempera
as can be seen by the presence of void, V.

T P Vo

Figure 7 TEM micrograph of the etched internal tape structure following compaction &td.8Mote the presence of shish-kebab structures within
the individual fibres, indicating internal melting and recrystallization from linear nuclei.
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During compaction the tapes adopt a space filling arwith recrystallized material. It appears that the recrys-
rangement, with significant tape deformation. The firsttallized material which has nucleated on the tapes pre-
observable effect with rising compaction temperature isented transversely has been etched to a lesser extent
to heal the cracks and for partial melting and recrystalthan the transverse tape structure itself, resulting in a
lization to occur between adjacent tapes; this behavioupronounced lip. In this zone immediately adjacent to
can be observed fora compactiontemperature of €72 their nucleation site, the lamellae will be particularly
in Fig. 5, especially at the lower right corner, althoughtightly packed [8]. The effect is less obvious with the
several inter-tape gaps have yet to be filled. longitudinally oriented tape where the lamellae will be

Ata compaction temperature of 178 yet more ma-  presented edge-on.
terial has become molten and produced a partly consol- Compaction at 182C has previously been deter-
idated structure as seen in Fig. 6 where a large regiomined through both mechanical and morphological
of recrystallized material is present between three adanalysis as being the optimum compaction temperature.
jacent tapes of different orientation (A, B transverseThe structure and morphologies present at this com-
to and C in the plane of the paper). It is notewor-paction temperature have been discussed previously [4]
thy that while a significant proportion of material has and show that there is then just sufficient melting to al-
been melted at this temperature, it is still insufficientlow the formation of a fully consolidated structure. The
to consolidate the structure completely, as indicated byffects of still higher compaction temperatures involve
the void, V, at the centre of this recrystallized region.recrystallization both within and between tapes.

This micrograph also reveals the internal textures of

the polypropylene tapes, in both longitudinal and trans-

verse section. The two tapes A and B emerging fron8.4. Intra-tape recrystallization

the page are distinctly pitted, with regions of inhomo-At a compaction temperature of 183 the internal
geneity across their width; additionally the cracks ob-morphology of the tapes reveals a two component struc-
served at lower compaction temperatures are now filledure. Fig. 7 shows etched longitudinal sections of a

Figure 8 TEM micrograph of etched recrystallized material between two longitudinally oriented tapes compactetatN 8 the highly aligned
growth nucleating on the adjacent fibre (arrowed), and the difference in morphology at the meeting of adjacent growth fronts.
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tape whose internal morphology is of shish-kebab typdree volume for the etchant to penetrate. The differen-
with material that has melted then recrystallized fromtial melting leading to the formation of a two compo-
adjacent original tapes and adopted the saragi€ nent internal tape structure can be associated with the
orientation. This organization is related to the pittedtape’s entanglement network and the varying abilities
structures observed in transverse tape sections (Fig. 3bf molecules to relax and melt under constraint. With-
due to regions of reduced density which have greateout this constraint, the oriented tie molecules would be

[N

N
-

(b)

Figure 9 (a) SEM micrograph showing the degree of recrystallized material and tape structure remaining following compactio@ antidfiching.

Here the contrast is such as to clearly reveal the fibrillar and recrystallized material following compaction, (b) higher magnification SEM micrograp
showing the degree of consolidation following compaction at’I®@nd etching. Note the formation of end-on row structures which have formed in
the middle of the large recrystallized area just above the centre, (c) SEM micrograph displaying end-on row structures present betweeitranscrystal
regions and unmelted tapes and (d) diagram of the regiGusitinued
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Figure 9 (Continued.

converted in part to lamellar crystals, with a concomi-constrained by the entanglement network can partici-
tant rapid decrease in modulus from about 1@79].  pate in melting in these regions progressively.

The presence of this network in oriented polypropylene

has long been inferred from mechanical studies, partic-

ularly creep measurements [10, 11]. Melting requires3.5. Inter-tape recrystallization

the presence of sufficient free volume to accommodat&he edge-on lamellar profiles of the recrystallized ma-
the associated decrease of density and begins, accorngvrial formed between two adjacent longitudinally ar-
ingly, either at external surfaces or internally at posi-ranged tapes can be seen in Fig. 8. Here the lamel-
tions of excess free volume. Such are the lines observdde close to the nucleation site on the tape are all
in the initial starting material as longitudinal grooves tightly packed and emerge approximately parallel to
along the sample (Fig. 3a). Molecules which are leaseach other (arrowed). However as the crystallization
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process continues a degree of divergence is observdike than do spherulites. Row structures are known to
between adjacent lamellae, with curved lamellar proform on linear nuclei, usually arising in polypropylene
files being common. Towards the centre of the recrysas a consequence of longitudinal flow which extends
tallized material the structure is much coarser, withthe underlying molecular network [12]. Here, the cen-
a boundary region visible where the two impinging tral location would be the site of maximum velocity
growth fronts meet (Fig. 8). This behaviour which dif- when there is flow due to the application of pressure
fers from polyethylene [1, 2] where impinging growth during the compaction process. As the spacing of rows
fronts merge without discontinuity may well be due to does not vary laterally, it may well be that actual sites
rejected species of lower stereoregularity which impedef nucleation are more dependent on surviving vestiges
crystallization. of the initial entangled molecular network. Although
At the highest compaction temperature studiedthe orientation of this zone is more or less the same as
190°C, there are large areas of melted and recrystalthat of the transcrystalline layer D, it appears as dis-
lized material evident throughout the sample. Fig. 9acrete from that one as from layer B, so it is unlikely to
shows the extent to which the original tape structure ide simply an extension of the layer.
still present with the inter-woven bundles clearly seen;
those cut in longitudinal section appear grey in these
imaging conditions while those cut transversely appea
light and the recrystallized material appears black. Thi
micrograph shows that while a significant proportion
of the tapes have melted to consolidate the compactio 5 Optimum compaction is achieved when suffi-
much of the original tape structure remains. It is highly . = P P

probable that what remains includes a large proportiorﬁﬂinrtezzlﬁli:]nersemﬁits r%usots%?efgl C%”ﬂg%gf: rer:g?e:?aellkit
of the entangled network of long molecules, and thi 9 P '

will have an important bearing on retaining a Signiﬁﬁower compaction temperatures not all voids are filled
cant fraction of the original tape’s mechanical strength\'\'here.as hlgh.er compaction temperatures melt more
even after such extensive melting. On closer examinar—mi‘,q,:[e_lr_';?I ttr:an '3 requ'Le(:' impinged tallizati
tion (Fig. 9b) it is clear that sufficient melt has formed froﬁts a?e r%lg?earl;grskeg mzﬁr}slrph%nc%ese(;cr));scgnzzzgg d
to consolidate the structure, with no gaps at the joins omp
between impinging growth fronts. The demarcation be_polyethylene and may well be Iess COhereT“ In conse-
tween the impinged growth fronts is, however, differentdyence, this may well be due to the intervention of lower

from the situation with linear polyethylene where theremzle'f\tutlﬁtre \rlwvielr?g? cnodn:ezsctsié?]r?:nrqegeurgrur:(]eztf(;:/?létruc-
was found to be lamellar continuity from one tape toits, 9 b P

neighbour. In the present case it may be that there is télljres form in the centre of the extensive regions of re-

degree of segregated material at the growth front Whicﬁ;rystallized material parallel to adjacent tapes because

tends to inhibit this process and could conceivably re-Of flow in the molten polymer.

duce the coherence of the boundaries.
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. Conclusions

. Compaction of woven polypropylene tapes is ef-
ected by the partial melting and recrystallization of
Holymer both within and outside the component tapes.
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