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Summary 

First unsaturated polyester fibers were prepared starting from 
stereoregular, macromolecular poly(octamethylene fumarate). Fibers 
obtained from octamethylene copolyesters of fumaric and terephthalic 
acids manifested improved mechanical properties and higher melting 
points. All unsaturated polyester fibers prepared in the study, based on 
the homopolymer and on copolymers of fumaric acid, even those containing 
as low as 10 % of fumaric acid residues, are able to be covalently bonded 
to an unsaturated polyester matrix. 

Introduction 

Recent ly,  we succeeded in  prepar ing c o n f i g u r a t t o n a l l y  pure, 
macromolecular po l y (a l ky lene  maleate)s and po l y (a l ky lene  fumarate)s by 
polycondensat ion o f  the corresponding potassium d tcarboxy la te  w i t h  Cb~ 
-dibromoalkanes in  1 -methy l -2 -py r ro l i done  (NMP), s l i g h t l y  above 100 C 
(1-3) :  

m KO-C-CH=CH-C-OK + m Br(CH2)nBr , F-C-CH-- H-C-O(CH_) 0-1 
R II L II II Z n j m 
0 0 0 0 

+ 2m KBr 

I t  i s  indeed wel l  known tha t  dur ing high temperature polycondensat ion of  
maleic acid or maleic anhydride w i th  d i o l s  c i s - t r a n s  i somer iza t ion  
occurs, wh i l e  in the case of  fumaric acid a secondary add i t i on  of  
hydroxyl  groups onto fumarate residues prevents preparat ion  of  
uncross l inked,  high molecular  weight  products. Both of  these 
disadvantages are e l im ina ted  by the above mentioned synthes is  route.  

The c o n f i g u r a t t o n a ] l y  pure unsaturated po lyesters  have been used f o r  
systemat ic s tud ies  o f  the in f l uence  of  the main chain double bonds 
con f i gu ra t i on  on t r a n s i t i o n  temperatures and rheo log ica l  p roper t ies  of  
polymers. During the p u r i f i c a t i o n  and cha rac te r i za t i on  of  po l y (a l ky lene  
fumarate)s,  we observed t ha t  these c r y s t a ] l i n e  polymers manifested 

* For part 7, see Jacovi~ M.S. et al., MakromoL Chem. (submitted) 
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pronounced fiber-forming properties. So, we undertook a study on 
preparation and characterization of unsaturated polyester f ibers, and 
this paper presents i t s  i n i t i a l  results. To our best knowledge this is 
the f i r s t  published attempt to prepare unsaturated polyester f ibers, 
which are supposed to be useful as reinforcement in composite materials 
based on polymerizable matrices, as well as specialty fibers susceptible 
to various chemical modifications. 

Experimental 

Synthesis and characterization of polymers 

The synthesis of poly(octamethylene fumarate) (POF) was previously 
described (2). Under similar conditions we also prepared one 
poly(octamethylene terephthalate) (POT), and two poly(octamethylene 
fumarate-co-octamethylene terephthalate)s (POFT 10 and POFT 20) 
containing 10 and 20 mol~ ~ of fumarate residues, respectively, on the 
sum of acid residues. H NMR spectra were recorded using a Varian 
instrument EM 390 (90 MHz). Polyesters were dissolved in deuterated 
chloroform to which tetramethylsilane was added as a standard reference. 
LimiRing viscosity numbers were determined in chloroform solution at 
25 -C. Complex dynamic viscosity was recorded with a Rheometrics 
mechanical spectrometer RMS-605 in dynamic shear mode between two 
parallel plates, at constant temperature 5 Uc above the corresponding 
melting temperature in frequency range from 0,1 to 100 rad/s. 

Preparation of fibers 

Fibers from unsaturated and saturated polyesters were prepared by 
melt-spinning, using an Instron capi l lary extrusion rheometer. The 
plunger having a diameter of 9,53 mm moved in the barrel at a linear 
speed of 0,2 m/min. The capi l lary had a diameter of 0,42 mm and a length 
of 25,4 mm. The sol id i f ied extrudate, i .e . ,  the filament was taken-up by 
a ro l l  having a diameter of 30 mm and rotating at 25 rpm. The filament 
was then cold stretched at an elongational stretching ratio of about 3. 

Characterization of f ibers 

Young modulus and t e n s i l e  s t reng th  o f  f i b e r s  were measured using an 
Ins t ron  machine, model 1184. at  30 mm gage length and at  ex tens ion rate 
o f  10 ,x,/min. For each type o f  f i b e r s  30 samples were tes ted.  
D i f f e r e n t i a l  scanning ca lo r ime t r y  was ca r r i ed  out under n i t rogen 
atmosphere using a Perkin-Elmer instrument 2B. at  a heat ing and coo l ing  
rate of  10 C/min. The bonding between unsaturated and saturated 
po lyes te r  f i b e r s ,  and unsaturated po lyes te r  mat r i x  was examined by a 
m u l t i f i l a m e n t  p u l l - o u t  t e s t  (4) and scanning e lec t ron  microscopy. 
Specimen preparat ion  f o r  p u l l - o u t  t e s t  consisted of  tak ing  two s t rands of  
po lyes te r  f i b e r s ,  which were tw is ted  together  and embedded 
pe rpend i cu la r l y  in  a d isc  1 ,w, t h i c k  o f  unsaturated po lyes te r  "Roskydal 
K-36" suppl ied by Bayer AG. Germany. The p u l l - o u t  t es t  was performed at  a 
speed of  10 cm/min. 
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Composite materials were prepared with various fibers and the same 
unsaturated polyester matrix Roskydal K-36, and then subjected to fa i lure 
under tensile stress. Scanning electron microscopy (JEOL JSM 35) was used 
to examine the fiber-matrix interface on the fracture surface. 

Results and discussion 

In order to study the preparation and properties of unsaturated 
polyester fibers, one poly(octamethylene fumarate) (POF) and two 
octamethylene copolyesters of fumaric and terephthalic acids (POFT 10 and 
POFT 20), as well as one poly(octamethylene terephthalate) (POT) have 
been prepared by moderate temperature polycondensation of corresponding 
potassium dicarboxylates with 1,8-dibromooctane in NMP, s l ight ly  above 

Table I .  Synthesis and characterization of polyesters from mixtures 
of fumaric (F) and terephthalic (T) acid potassium salts 
and 1,8-dibromooctane (0) 

a) * 
Polymer Reaction Yield, Mole fraction [q] '  Tm qN 

time, h % of acid residues, 
from IH NMR (DSC), at Tm+ 5 ~ C, 

F T d l / g  ~ Pa s 

POF 24 90 1 0 0,500 85(79) 540 
POFT 10 88 88 0,1 0,9 0,470 129(123) 155 
POFT 20 88 87 0,2 0,8 0,550 112(105) 775 
POT 88 90 0 1 0,490 138(131) 183 

a) in brackets, the second T m appearing in the second run 

100 ~ The method assumed the preparation of uncrosslinked, high 
molecular weight polymers in high yields (Table I ) .  The composition of 
acid residues in copolyesters is equal to the composition of salts in the 
starting reaction mixture. All polyfumarates are crystal l ine solids. On 
their  DSC melting curves there is one peak during f i r s t  melting, but 
another smaller peak appears In the second run. Such behavior might 
indicate melting of two types of crysta l l i tes,  as i t  was observed for 
poly(ethylene t~rephthalate)s and poly(butylene terephthalate)s (5). At 
temperatures 5 C above the corresponding meltingpoints a l l  unsaturated 
and saturated polyesters prepared for the study show Newtonian behavior. 
From a l l  unsaturated and saturated polyesters, fibers were obtained by 
melt-spinning (6). The melt temperature was maintained in each case 
s l ight ly  above corresponding melting point. The melt l inear flow rate 
through the capil lary was close to 100 mm/min and the peripheral speed on 
the take-up rol l  was about 2300 mm/min which means that the elongational 
draw ratio was about 23, and the average f iber diameter was about 90 ~m. 
The successful preparation of fibers shows that the c r i t i ca l  viscosity 
for melt spinning is below 200 Pas. The following cold stretching of 
sol id i f ied drawn fibers was performed at about 50 C with an elongational 
stretching ratio ranging from 2 to 3, and the f inal diameter of stretched 
fibers was between 50 and 70 pm. 
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Tensile mechanical properties of stretched fibers are shown in 
Table 2. The 100 I unsaturated fiber, based on POF, has lower tensile 
modulus and strength than the 100 I saturated fiber based on POT, as 
expected. Namely, terephthalic acid residues are contributing more 
e f f ic ient ly  to the molecular cohesion than fumaric acid residues. The 
properties of copolyester fibers from POFT 10 and POFT 20 have 
intermediate values. Melting points of stretched fibers are practically 
identical to those of starting materials. During the f i r s t  melting one 

Table 2. Preparation and testing of polymer fibers 

Fiber Average I n i t i a l  Tensile T Pull-out test(4) 
fiber Young strength, frommDsC 

diameter, modulus, f i r s t  run, 
multifilament MPS, 

pm GPa MPa ~ is being MPa 

POF 65 1,30 72 84 Broken - 
POFT 10 68 1,94 92 129 Broken > 2,59 
POFT 20 55 3,13 98 112 Broken > 3,72 
POT 50 3,05 100 140 Pu l led -ou t  2,10 

peak is  observed on DSC curves. In some cases t h i s  main peak Is 
immediately fo l lowed by another very small peak. In the second run, two 
peaks are present in  each case, as f o r  the s t a r t i n g  mater ia ls .  

The m u l t i f i l a m e n t  p u l l - o u t  t es t  (4) reveals t ha t  the unsaturated 
po lyes te r  f i b e r s  POF, POFT 10 and POFT 20 are broken in an attempt to  be 
pu l l ed -ou t  from an unsaturated po lyes te r  mat r i x ,  wh i le  the saturated 
po lyes te r  f i b e r  POT is  pu l l ed -ou t  w i thou t  rupture (Table 2). The 
m u l t i f i l a m e n t  p u l l - o u t  s t rength  (MPS) is  def ined as: 

F 
MPS = 

xd l  

where F is the maximum force, d-the diameter of the multifilament, l-the 
embedded length of the multifilament in the matrix. The result obtained 
indicates that there is a covalent bonding between unsaturated polyester 
fibers and the unsaturated polyester matrix. This is confirmed by 
scanning electron microscopy examination of the fracture surfaces of 
composite materials prepared from unsaturated and saturated polyester 
fibers and an unsaturated polyester matrix. (Figure i ) .  

I t  seems that an extent of unsaturation of 10 % as in the case of 
POFT 10, is suff icient to provide a covalent bonding with an unsaturated 
matrix. As to eventual practical application of unsaturated polyester 
fibers the advantage of unsaturated copolyester containing terephthalic 
acid residues is not only in better mechanical properties, but s t i l l  more 
in higher melting temperature. 
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Figure 1. Scanning e lec t ron  microscopy (SEt#) photographs o f  f r ac tu re  
surfaces. Composite mate r ia l s  based on an unsaturated ~o lyes te r  mat r i x  
and f i be r s :  POF ( l a ) ,  POFT 10 ( l b ) ,  POFT 20 ( l c )  and POT ( l d )  
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