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Intrgdu.lion
Composites with thermoset matrir systerns arc es-

rablished as lighr.,reight consuuction material for

srructunl pats with high weight-speciEc mecheni
crJ properoes.The rernforcement 6bres :re orient
ed and high 6bre volume concents (> 50 7o) are

used. An established nanufacturing technique for

rhe production ofcomposiae profiles is the pultru

sion proces.A wide range ofapplicatiorx resuls by

custom-designed properties of pultruded parts. Fo.

example puluuded parts are used as load-bearing

structures in the building sector or lining elements
in the transportation industry Ul. The adventages
of dre pultrusion process are high laminate quaL-

t ies.  a hrgh degree o[  ru(onur ion and an eminent

econondc emciency.

A further reduction ofthe production coss can be

achieved by the use of alternative matri.r systems
with comparable marerial properties by reduced
raw material costs and increased processing speeds.
By the restricted reactivity ofthe most commonly
used matrix syscems the processing speeds äre Lim-

Prin(iples of fie puhrusion pro<ess
Manufacturing lines ofcomposite parts with ther-

moset matrix systems always consisr of the follow-
ing processing stepr: Shrping. 6bre rmpregnrtion.

and curing of the mat.ü material. The pultrusion

proces( u re( chere rhrce procesing steps in one
machine (Fig. 1).

E.k

The puhusion process with convenlionol
motrix syiiem5
Besides the fibres, the matrlx mäterial etrects üe
propercies of pultruded profrles. In particular che

chernical, electrical and also thermal properties of
the proEle are in0uen,ed Commonly used mariy

systems in the pulmrsion proces with thermosets

are unsaturated polyesrea vinyl ester and eporry
resins. Unsarurated polyester resins frnd the most
application 6elds due to the relatively low mate-

rial costs.Vinyl ester resins are used in applicarions,

which demand a higher chemical resistance. Eporl'
resins are used in pär6 widr high mechanical re-
quirements.In addition epo,f' rcsin5 have excellent
chemical and heat Esistance.

The essential process paramerers in the pulrrusion
proces, which determine the output and the qual

ity ofthe pro6les, are the temperature distdbution
in the die, the pultrusion line speed and the reac-

cion kinetics ofthe used marrü system.

The temperature distribution in the die has to
guarantee that the curing status of the thermoset
matri-x system asures the dimensional stability of
the profile.The die temperaturc may not be select-
ed coo high. High die temperatures leäd to exüeme

temperature and reaccion gradients over the profile

cross section. The results are high intemal süesses
in the Enished profle. tn addition early cu ng in
the die has negative eft'ecs on the pulling forces
and the stabilicy ofthe proces. By defning the re-

tention time ofthe matdx material in the die dre
pulcrusion Jine speed is a further esential param-

eter in the pultrusion process.Together with the die

temperatuies the pülcrusion Iine speed defines the

reached curing srate of the matrü material. Besides

the pultrusion line speed derermines direcdy üe
ourpur.  u hch should be a '  h igh as po<<ible for  eco
nonic reasoru [3].

Furthermore also the reaction kinerics ofthe used
mrtrl\ system has a signiEcant inlluence on the
achievable production speed and th€ profrle qual-

iry Therefore possible process windows are deter-
mined by the reaction kinerics, the pultrusion line

speed and the die remperarure. In particular high-
reactive mrterials are used in the pultrr.rsion pmces.

For example several catalysts are usually added to

urxaturaced polyester resins, which iniriate a fasr
cmss linling in ditrerent temperrture zones of the
die. In this way an effective and homogeneous crcss
linking over the pro6le cros seccion is possibie.

Advonloges ond chollenges pultruding PU
os molrix syiiem
An option, to increase the eficiency of the pul-

trusion process n the application of polyurethane
(PU).

The big advantages ofthe use ofPU in the pultru-

sion proce- are the wide ranging wriation oprions
of the material manufacturen concerning the ad-

aptrtion ofüe rnaterial properties such as reectivity
and viscosity on the rcspective menufacturing pro-

cess. A majoricy ofthe PU systems can be edapted

within a wide range to the part rcquirements. For

exrmple de.cible ro rigid nDrerirl properues are
possible.

Compared with conventional matrix systerns fur-
ther advaineges ftom PU are that no scyrene emr-
sions exisr and, in particular when using tlvo-com
ponent polyurethane systerns (2C-Pq, the high

reactivity Aci[tates high processing speeds.

Challenges to face when pmcesing PU are rhe
high sensitivity of the systems in relarion ro hu-
midiry and rhe high reactiviry So in the pultrusion
prccess with PU an extended rnachine technology
has be used.

Mochine qnd die iechnology of rhe pulrrusi.
on pno(ers with Pu
The material speciEc characteristics of PU result

in diferent requirements in particular to the im-
pregnation unir of rhe pultrusion line. Due ro the
comparatively high reactivity of two component
pollrurethane systerns an impregnation with a con-
tinuous matdx marerial supply har to be used.The
impregnation unit has to be thermally separaced
from rhe heated die in order ro prevenr rhe cur ing

already in the impregnation unit.

In addition a rDajority of PU systems rend ro ex-
pand when exposed ro humidiry In order to rninl-
mise the contact of the PU wich che arnbient air,

a closed impregnation unit has to be used. To ful-
fiI these requirements an injectionbox (Fig. 2) has

been developed and integrated into the pultrusion

line.

Figu.e 2r Ini&rionbox for fite imp,egnotion

The injectiorbox is a mültipart tool, in which the
rehforcement frbres are impregnated with the
rnatri{ s}rtem. The frbres pas through a conical
channel.The matrlx rnaceriai is injected through a
gate in the top side of the injectionbox.A deEned
matrir, Ilow nre guarantees rhat no surplus mrrix
nuterial develops widrin the box. Because of rhe
conical geomerry ofthe impregnation area a pres-

sure is build up within the nuteriel, by which air
inside the rovings escapes to avoid rhe formation of
voids in the profile. Direcdy to üe injeccionbox the
heated die is attached.To realise the thermal sepe-
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FisuG 1: Droftofo puhtusion Line [2]

Firsdy, the 6bre bundles (rovings) are drawn-otr

ftom a roving rack and guided inco a resin bath.
For lateral reinforcernent optionally semi-Enished
6bre materials such as mats, fabrics or fleeces are
added. In the resin bath the 6bres are impregnaced
with the mat x material. Following the imprcg-

nated 6bres ere pre-shrped according to rhe desired
distribution of the 6bres in the pro6le. Opcion-
ally a pre heating system is supplied. Pre-heating

is necessary for prcfiles with high volumes to rvoid
large temperature gradiens over rhe profrle cross

section: La€e temperature gradients result in high
internal stresses.Äfterwards the proEle is shaped by
a heat€d die and the matrix material is cured.The

cured profile passes a cooling track and is tailored

by a cutter.The entire process is kept mnlrrng by a
pulling system, which pulls the pm6le continuously

oüt ofthe die [1].
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Pultruding o one-component PU! Epoxy
iso(yonurole (EPIC)
As or le-cornponerr t  PU r  EPI( I  s \ste r  \ ! : r \  sc
lcr tcr l .  Ihc possib i l i t ics rnd thc pcxcntr ; r l r  of the
pr l t ru\ lorr  p i ) .c$ l i th rn EPIC svsrcnr hrc l  to bc
r lcnronstr . r tcc l .  EPIC s\r tenß rre Lrsed rr r  prr t icuhr
. rs. rst ins rcs in\  rnct  in d i i lcrcnt  sccrors tbr  nrrnu-
t . t .n ' r  n)s co ' I lPontc P]r t \

The used EPIt I  \ ls te )  (B]eI ldurrO. B. tvü Mrtcr i
r ls . icnce A(1,  LeverkLrser) ,  t ;er  ) : r t )v)  is : r r r  cg,xr
nrodi t lcd to l ,v isocYxrnnte.  which corsrsts o l - l l l )  '11

dlFher)vh)redlrDe di iso$.ur . r tc  (MDl)  ind 2l r  % of
t 'poxv resln on bispherol  A brse.The orre conpo
ncnt \vstcnr is  cont l inrng r  drcrr l ; r l  htc ' r t  cr t . r l_vst .
1 )uc to so urrnr  crr  c l lcnt  pR)fcr t ics El ' lCl  is  qLr. l i -
,  . 1  t  , l i r  ,  ,  |  1 1 . 1 i .  r  r ' ,  , .  l  r 1 . . ,  r c . l  1 . , 1 r -  r ,

( r1-p:rr t \  ) . t r )u i i . tLUcci  \ r i th EPIC es nrr t r ix  svstcnr

.  ' r r l  r l r  I r r  ' , u ' . , , t , r . ' , r  l ( . o r  p p ,  \ .
f ( ) 1 ) o c ,

. hrgh t h er nr ost;r bilLtr,,

.  s , r . r11 thcrnr : r l  crprnsion.

.  i r rherrnr  f l rnc pr l tcct iur .

.  grr  chcnr ic; r1 rcs ist rncc rnd
'  h ish elecü icr l  isoht i ( , r  propcr t ic \  io ovcr 20l l  'Cl

In p.r r r i<t1.u thc inhcfcnt  f l rnrc protccr ion rnd thc
t .  ' , 1 ,  r . F , , , , . , . ,  , p r l

s  h ich crn bc rcrhsed or ly  by : rdduion of  cosr r l
tcnsivc rddi t ivcs rv i rh conlcr t ioni l  nratr  ix  svstcnrs.
With in üc rn icsr iq l t ions i t  IKV pro.css pi r ; rnr-
. tcr \  tar  thc puloLrs ion Uoccss rvcrc dctcrnr incd
rld optln)i\c'.1. Fisurc I \ln^!s thc rcnrpcnturc (hr

rnbur ior)  i  dre die r  d l r r  drc pul t rucletc dur lng
thc pul t rusion prc.css \ !uh EPl( l  : r r  r  pul t rLr \ ion
l i , rc  \p(d of0.2 Dr/nr in (pof i lc  c,cxs sccr ion:3-  r
+ nrlrr). Foll(^vnrg thc trctilcs irc tcD$cfcd.

F g u,e 4:Com po,i5on of üe m Fresnor on quo ry w rh d,nerenl

Pultruding o two-component PU
Ihc pu]rrusion pro.css of  tNo-conrponerrr  l 'U i \

r lcrdv knosr [5] .  howcv.r  üc usc ofpLr lnLrded
prciilc\ Nith t\vr conrponcnt I'U rs nrro ir svstcnr
is r t i l l  Lrnert rb lnhed.This ls  tu be r t t r lbutco ()  üre
r . .  |  . ' ,  |  , , ,  r 1  .  .  r .  1 . . , . r . 1  ,  r  - \ , . , , d - d  q , , , t  , , i  , '
tecltu;logv is neccsrn n.l oD rhc othcr hinil onLv
ti\\, rclirble prcFerries ofthe:re porilcs rrc ruihble.
In thc pLr l tnrsron process \ \ ' i rh tNo cor))po cr) t  PU
thc cnrplo,vnrcnt ol drc rrlecrroubox is nrevu.rble
duc to thc high nutcrirl rcrcrLvrt):

L)  uddi t ior)  thc Ful t r l rs ion l iuc hrs to bc crrcndcd
by,r  PU rneter lng nnchl t re.  Lr  the r  etü i r ) : j  n
chinc thc r;lv nrrtcrr;rl ccrnponents polvol lrLl
iso.vrnrte .rre sk)recl irr nvo scprrrte trnks .nr.t dc
l ivcred bv rneter inr  pun)p\  i r r  r  dcdr)cd dot  , r re ro
r  r r l i rng herd Ni th.r  s t1r t lc  t r r ixcr .Thc rn i rcc l  m.r te
r r .  - ; . .  l r . r  l r .  r r . l ,  r " r r l ' o r  b r  . r . . r ,  , . '  ' .  r  .  r
tLrbc.  in rvhich thc i r r rprcgnrt iou oi the äbres i rke\
p1. i . ( ' .  In the iDlcsr isr t i r )ns . r f f icct  oLrt  r t  1KV I  l rU
rvsrerl rv:rs LrseLl \hich is otltirried ör tire pul

A{1. Lcvcrkuscn. Cer n,rn.v).

The stLrdies rt IKV sho\,ed thrt the usccl poivurc
th;ure syst€nl ß rehrivelv irNe sltile to cl.urges of
thc pfoccss p;rmnrcr('rs rs rvell rs erternrl rnlluenc
es.1hc prcccs rs tc l l  connol l , rb lc.  l \ r l t rLrs ion Lrne
speecl  up to 1.8 m/nr in hrvc bccr rc; , l iscd $oi lc
. ross sect ion:35 \  + r ) ) r  2,  F ig.  5) .

invcst isar ion\  s i th inr tusr i r l lv  esnbLshed rnr ter i
r ls  sere re:r l iscd. In thesr:  inv$t ierr ions unsrnrr ; r r i r
pol)_ester. \'ir)\l e*er rnd cpoxy rcsir s)-stcDls \\'cr
used nd dre 6bre i | rpksnrt ion s;ü rcr l iscd bv ur
rng dre rr lectro lbor.The pl r l t ,  us ioD I inc . ,pcc(1 . rn1
dic t t 'nrpcr ' : rnrrc 'd ist r ibLrdon sere rrhpted l r  dr
rcsPcct i \c  nr ; r t r i \  s \ .s tcnr.so thr t  prolLLcs $idr  cLrre,
l r : r t r ix  werc rnrDut icnrrcct  r t  nr ; r r inr iscd pLr l tusior
l i re speed. MrxrnLrt r r  pr .cesslüg \peccts of  r r . . ,  nr
rrn coulct  bc; th icvcd ln i l l  ,nvesr ig,r t io i rs,  Nhir : l
rrc cliscusrccl in this;rrticlc. rolings rvith the lrdrc.r
rid) S rRo\ O llirecr l\oving 908 0ohn\ Minrill(
Delver. USA) \'ere use.l.

Aticr nr;rnuftcnrrrrg the profiles rrth ritrbic pro
ccssins parrn,ctcrs rhc prcducct t  prol i lcs rvcr t  ure
' 1 , , ,  . .  l l \ .  | , . , , , i . . 1  l l ,  1 1 . . , ,  r l - . , c ,  , r r .
s . . r r r h "  l o . r r l l - l  o  r t r r  ' t r l  i .  r . . . . ,  r . 1 . r r ; - r
l l lN EN 1SO 178 bv t {öfh l ing Engnleer ing Phs
t ic  KC),  H.ucn.  Gcrnrrnv (Fig.  ( , ) .

F gure 6: Resu ts hom 3-pöinr bendins resi (porole iö libre dnec
r lonlac.ording ro D N EN SO i78

Thc profilc srilTircs p;rrlllcl to fibrc dil1.cüor) r
prirrurilv delitred bv thc fibrcs. Ilut rhc bcntlirl
srrength deperlds rlro o| the strerrgdr of drc n
oi \  n l r .cr ix l  rnd the rdhesron betueerr  thc ru.r
o i r  n, r tcr i r l  rnt l  the f ibres.The nersured berdrrr :
strcntü oithc pLotilcs rvuh t\\o-cornponent PL
:r\ n)rt \ svstcnr is couguüblc \!'ith rhc berldnrt
strength of the pruliles ivith epox\r Thc bcndinl
\ t rcngth of thc prof i lcs wuh El ' lC;rs l l r r r i r  r r : r te
r1:r l  js  rpprox.  l3 % highcr thrn tho'c of thc prof i lc
\uh epost horvever rM :r hrecr *.rndrrd d$ir

I l r ' . r . r  r  u  r  r c  . r r , r . h r .  r o r ' . r l  r - r r  " . . . . ' r .  ' r ,  r r
pi,rticL,lirr ., 3 point bcnding tesr perpenclicul;r
to l ibre . ln ict rnr  pr)v iLtcs fonrprf ing i r lornu.
t ion ibout  the nrechrnical  propert lcs o i thc nr . r tür
. - . r '  r ,  r ' . J  . l  | d l  (  , o ,  L , ( ( $ u " . ,  l ,  r r . ,  r r v r  .
dre l ib,es.Tlre 3 poiDt berdi , rg tcsr  \ \ ' is  rcal iscd.rc.
cordm!:  ro DIN EN IS()  17lJ (Fig.7) .  in rü ic l
,r shortenetl be.urng dnt:rnce oi15 rlrrr iv.rs usecl.

1 4 o o o :

Fisure 7: Rea ß from 3.po nr bendins resi lperpendi.ulor iö I bre
dnecrronlaccording ro D N EN lso 178

As Figure 7 shows, the rle:rsureJ bendlng nrodulLr
oi rhc prof i lcs wirh t ro-coneoncr) t  PU;ürd l I l (
i\ relxt;vcl) hish rncl cluite con,prrablc \,ith drost
non pnni lcs r iü cporv Thc nrcrsLr lct l  bcnt tLng

z

:.
:

ä s o

Figure 3: Tempe,oiu,e 9,od eil in pulku5ion die ond üe pu rru
dote duf  ns rhe pu kus on wi th EPC {v = 0.2 m/m n)

l r r ' r , . s  ' : . l  r t l  r r  r r l  L r . r . t L l ' l t  . . r , . r r \  n *
tcDr thc.onvcnt ionr l  rcs in br th rvas Lrscd tor  t lbrc
rnpregrutro l .  SubseqLrerdr.  thc ' rcs i r r  b:rdr  r r rs r r
p l , r icd br '  üc dc\c lopcd in1ccr ionbo\.  As the rr l -
rger picmres of n,rnuiectruect pR,lilcs in Flr:urc J
l o r . r l r r r r r  r b -  j r , , . . 1 . .  r ' b - r * 1 . r , - J h  . r .  r -

dre rr lectro lbor cornpmd ro dre resiu br th. lu rd
dition ;r nrore Lrniörur ;rrr:rlrgerrlel)t oi the librcs
ir drc prctilc is obsc'rvcd, tüc'reb.v r fen'er nunber
ol  congl<mcr:r t ions ot  nrat ! i \  r r i tc f i i l  cx isr .  Thc
occurrer tct '  o i  cor tg lonrcr . r t ions of  nutr ix  nr t r r i r l .
\'hich hire no lurk to the l:rrrlnrre, is corlpletelv
rvolded durnrg thc f ibrc inryrcgn.rr ion bv üc rn-

F gure 5: Pu l,uded PU p,of es

The pultrurion with PU in (omporison
lo the puhrusion wilh conventionql mqlrix
systems
To conrprrc the pu)rrrrsion wuh I'U to the pLrl

rrurior rvith .onvcntiorrl rmtrix systems. lirrther
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strengü of üe prc{i1es with the two-componenr
PU as matrix systeln is even approx. 20 % higher
as that ofthe pmfiles with epor!./ rs naüix systcm.

In mrny applicarions composite parts are subjected
to inprct loads. In these cases a failure of these
parts can be prevented by a high energy absorptron
capaciry To characterise the n'nnufactured profrles
rhe .hJ,py in,pr , t  t$r  u+ real 'ed (Frg.8 .

Figue 8:8esuh f rom Chorpy impoct tesl  dccording toDNEN
r50 lz9 t

The resufts show that thc possible energy absorp
tioD capacity of two-conponent PU is high com-
pared !v1th convcnrional matrix systems ir1 the
puitrusion proces.The results for thc profiles with
EPIC as matrix system are comprrablc with the
profilcs rvith epo:'11

Additionalty to the mechanical investigarions thc
pronles rvith EPIC ücrc characrerrsed by the dy
namcally mechanicrl :nalysis (DMA).The profiles
rre cxposcd to : dynamic bending load nrside an

oven and the storage and loss modulus are noted
in dependency of the tcmpenture. lf the sample
reaches the glass transition temperature ofthe n,a-
t n x  m " t e r u l ,  t h e  l o *  n r o d r l u , , h o u s  a  r n a x i m u m .
For the proiles with EPIC as natrix systcrn glass
transjtion temper3turesof280'C weredet€rmrned.

Conclusion
Pulrrusion with PU turns out rs vcry efücrent rn
comparison ro the pullrusion with convenrjonal
matrix \ystens. The urcasured mechanical proper
ties of mnulacturcd profiles are comparable rvith
Lhe re.u l .  ofpr<16le.  $ i ,5 rn (poxl

Furthermore rhe posible energ absorption crpac-
ity of two-component PU is high compared to
conventioül nlatrix systems for rhe pultrusion pro
cess. El,lC .rs marrix sysrenr licilirates production
. , 'pro i lc .  wrth hrgh he.rr  defo rr : r  on n. i ,L,nce. .
Re arkrble is th$ thc achieveable pultrusion line
speed with rwo componenr PU is much higher
conrp"red to pro,a. ; r rg of  convcnrron" l  nr"rnx
systems. In sumnary the iivesdgations show that
PU in the pultrusion process possesses the potentirl
to mrnüfacturc conrposite proiles wirh optnrised
properties stil nore eliciently.

Outlook
Lr future work the possibilities ofadaptation ofthe
PU characteristics to different part requirenenrs
will be examined. For examplc clastic or foamed
cornposite proliles wnh PU as matrix system are
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