
                                                                                     

 
 
 

UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION  
Vienna International Centre, P.O. Box 300, 1400 Vienna, Austria 

Tel: (+43-1) 26026-0 · www.unido.org · unido@unido.org 

 

 

 

 

OCCASION 

 

This publication has been made available to the public on the occasion of the 50
th

 anniversary of the 

United Nations Industrial Development Organisation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCLAIMER 

 

This document has been produced without formal United Nations editing. The designations 

employed and the presentation of the material in this document do not imply the expression of any 

opinion whatsoever on the part of the Secretariat of the United Nations Industrial Development 

Organization (UNIDO) concerning the legal status of any country, territory, city or area or of its 

authorities, or concerning the delimitation of its frontiers or boundaries, or its economic system or 

degree of development. Designations such as  “developed”, “industrialized” and “developing” are 

intended for statistical convenience and do not necessarily express a judgment about the stage 

reached by a particular country or area in the development process. Mention of firm names or 

commercial products does not constitute an endorsement by UNIDO. 

 

 

 

FAIR USE POLICY 

 

Any part of this publication may be quoted and referenced for educational and research purposes 

without additional permission from UNIDO. However, those who make use of quoting and 

referencing this publication are requested to follow the Fair Use Policy of giving due credit to 

UNIDO. 

 

 

CONTACT 

 

Please contact publications@unido.org for further information concerning UNIDO publications. 

 

For more information about UNIDO, please visit us at www.unido.org  

mailto:publications@unido.org
http://www.unido.org/




1.0 
l.. lilli 22 

11111

11 . 11111 2~~ 

lllE0 

11111~ 25 111111.
4 

- 11111-~6 

,.. ' 
. ·,•, ',; .. ,,, ·, '···. ; ' . 



. ~ --~---

United Nations Industrial Development Organization 

International Conference on 
Carbon Fibre Applications 

Sao Jose dos Campos, Salvador, Brazil, 
5-9 December 1983 

\ POLYMER MATRICES FOR CARBON FIBRE AND 

HYBRIDE FIBRE REINFORCED COMPOSITES*_:_) 

by 

H.D. Stenzenberger* 

Distr. 
LIMITED 

ID /WG. 416/13 
13 March 1984 

ENGLISH 

--

* The views expressed in this paper are those of the author and dJ not necessarily 
reflect the views of the secretariat of UNIDO. This document has been reproduced 
"ithout formal editing. Mention of firm t1ames and coUDDercial products does not 
it..l)ly the endorsement of the United Nations Industrial Development Organization 

(UNIDO). 

** Technochemie GMBH, Verfahrenstechnik, Gutentergstr. 2, D-6901 Dossenheim, F.R.G. 

V.84-83306 



------

- 1 -

DEVELOPMENT OF THERMOSETTING POLYIMIDE RESINS 

(New and impro~ed composite matrix resins) 

3ince the beginnin9 of the sr~ce age in the late 1950~,research and 
development of pol·:{mers consisting of aromatic and/or heterocyclic 
ring structures of high thermal stability proceeded at an amazing 
rate.Those familiar with the early literature in this area are still 
fascir.ated by the many elegant synth- tic rouces to high temperature 
high polymers,examples of which are the polybenzimidazoles,polyoxa
diazoles,polybenzothiazoles and polyquinoxalines.In most cases 
polymer synthesis was successful only because of the ability of the 
chemist involved to prepare high-purity starting materials.The hetero
cycle was constructed essentially in one condensation reaction by using 
the apprcpriate monomers leading in most cases to i.1tractable low 
molecular weight materials .A real breakthroL:gh was the introduction of 
the "precursor polymer" technique for assembling heteroarornatic ur.its 
into a polymer chain.An intermediate soluble prec~rscr polymer is 
synthesized in which functional groups pendant to the main chain are 
arranged S·::> that on thermal or chemical treaunent they cyclize to a 
desired hetero~rumatic ring.This technique was employed s~ccessfu~ly 
by E.I. du Pont de Nemours Company chemists for the synthesis of 
aromatic polyimides (~igure 1) .An arowatic dianhydride is reacted with 
an aromatic diarnine at room temperature in solvents suitable to yield 
a soluble p::ilyamide,the polyamid.)-carboxylic acid,containing carboxylic 
groups ortho, tc· the amide linkages which propagate the polymer chain. 
Ring clusure is effected either by thermal or cremical treatment.The 
pc lyimides t';:.;:, -btained exhibit unusual chemical, thermal and oxidative 

0 
stability.Proc~ssing to films, foams and mou~dings includes a 350 C 
temperature cure to develop all advantageous pr~perties fully. 

Because cf their attr~ctive properties,aromatic polyimides have also 
been tried extensively as matrix resins for fjbre co~posites.Usually 
the polyamido-carboxylic acid is used in polar solvents like N-methyl
pyr{olidone,dimethylformamide or dimethyl acetic ar::id amide as an 
impregnation varnish for fibrous materials.Unfortunately these solvents 
show an extremely good affinity to the resin and are therefore difficult 
to remove from the prepreg and the moulded composite.Residual solvent in 
a la~inate acts as a plasticizer and when present in a laminate prevents 
the deve~opment of good high temperature ~hysical properties.In addition, 
the condensation type cure reaction of the soluble intermediate prevents 
the formation of void-free laminates.Also,real thermoplas~ic totally 
aromatic polyimides were synthesized via the very attractive one step 
"isocyanate" route"(Figure 2) but did not really overcome the processing 
problems ilssoc1ated with fibre composite preparation.Because aromatic 
polyimides failed as matr:x resins for advanced composites,a wide variety 
of thermos2ttin<J polyimides was developed with the aim of improving the 
processing properties. 

In general the idea behind 211 the synthetic routes is the preparation 
of an imide ring containinq backbone that carries terminating polyrnerizable 
endgroups providing ,;in imide prepolymer that shows real meltability and 
theref()re .:idvantar;eous fl,•,: properties durinq C(Jmposite moulding.Some of 
the chemi c>1l concepts ;ire discussed in this paper. 



Norbornene endcapped polyimides. 

H.R.Lubowitz,working with TRW,discovered polyimide systems that were 
endcapped with emk,r;;cthylene tetrahydrophthalic anhydride (ETPA) groups. 
The synthetic route used again wa~ the classical "amic acid precursor" 
route.A tetracarboxylic acid dianhydride,an aromatic diamine and ETPA 
are reacted to form a soluble prepolymer whose molecular weight could 
easily be adj1__;sted by varying the molar proportions between the 
reactants.The prepolym2r,commercially available (PlJN - Ciba Geigy) 6 
after cyclocondensation,showed a real melt transition at around 270 C 
and could therefore within limitations be processed to laminates. 

The norbornene concept was further developed by NASA Lewis Research 
Center and culmi~ated in the so-called PMR-concept,a novel class of 
addition type polyimi~es formed by in situ Polymerization of Monomer 
Reactant~.In this approach a diaikylester of an aromatic tetracarboxylic 
acid,an aromatic diamine,and a monalkylcster of norbornene 2,3-dicarb-
0xylic acid (Figure 3) are dissolved in a low bo1li1aj ~!kyl alcohol.This 
solution is then used to impregnate the reinforcing fibres.After removal 
of the solvent and subsequent heating in the temperaturt range of 150-
2200C,the monomers undergo in situ cyclodehydration to form a norbornenyl
endcapped low molecular weight imide prepolymer.The cure of the PMRs 
is generally accepted to proceed via the reverse Diels-Alder reaction 
of the norbornenyl endgroups to generate maleirnide endgroups and cyclc
pentadien~ in the temperature range of 270-Jlooc.The highly activated 
maleimide ~msaturation immediately pr0ceeds to copolymerize with cyclo
pentadiene and unrearranged norbornenyl groups to produce a crosslinked 
structure without the evGl~tion of void forming volatiles.It is interestinn 
to note that despite the fact that the prepolymer is formed by a classicdl 
condensation reaction,cure proceeds in a completely separate step thus 
providing void-free laminates.The best overall balance of processing 
characteristics,cornposite thernomechanical and physical properties,and 
JcxPc thermooxir\ative stability was found tr-' be provided by a monomer 
composition of benzophenonetetracarboxylic acid clianhydride,methylene 
dianiline c1nd norbornene dianhydride adjusted to an average molecular 
weight uf ISOO. 

The PMR-cJncept was developed further by ~ASA Langley Research Center to 
provide LARC H10 a melt processable resin,and the replacement of benzo
phenonetetracarboxylic diester wiLh the diester of 4,4'-(hexafluoriso
propylidene) bisphthalic acid leads to improvements in thermal oxidative 
stability.Brith developments cculd nevertheless not rvercome all processing 
difficulties because rr.ouLdinq r)f laminates still require~ high temperat.ure 

0 . 
(2W> Cl and high pressure ( 14 hours) 

Acetylene termJ-ndtcel poly imides. 

The cyclot.nmeriz,)tion r;f et.hynylbenzene lfdds to 1,.1,5 triphenylbenzene, 
and cunserJUPntl y p()l ycycl !Jtr1meri.latior. of bi.s-ethynylhenzene yields a 
hiqh temperature res1st~nt polyphenylene resin.Using this chemical approach 
.i:; .i m<>del fnr an ,)ddi ti.on type cure, it wc1s only <l quest ion of time for 
th~ first cthynyl-terminated r~lyimide to appear in the literature.Figure 
1i out1 ine:~ the synthetic rr;L1 te ';haracter ized by simply condensing an 
.1rom<Jtic tct.racarhoxylic dcid dianhydride with rln aromati.c diamine in the 
pn·:;•.nce of dO ethynyl-substi '::utcd rir()matic monoamine providing a fully 
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i~idized ethynyl-terminated thermose~ting pclyimide resin.One resin 
based on this chemistry became conunercially available under the trade 
mark Thermide 600 (Gulf Oil Chemicals) but has unfortunately to be 
pr0cessed ~ram N-methylpyrrolidone as a solvent to prepregs,le3ding 
back to alJ the problems associated w th this high boiling high polar 
s0lvent .Nevertheless, the molecular weight of the prepolyme.: can be 
tailored to provide a resin that melts at around 190-2oo0 c and poly
merizes when molten immediately as is indicated by its differential 
scanning calorigrarrune (FiJure 4;. 

Maleimide type resins. 

Very attractive high temperature thermosets are based on bismaleim.ides. 
First Grun,lschober reported their homo- and copolymerization which can 
be achieved by simply heating the monomers to temperatures between 150 
a~d 4oo0 c resulting in the formation of highly crosslinked polymers.The 
usual synthesis of the monomers starts from Maleic acid anhydride and 
aromatic diamines (Figure S) forming a bis~aleiamic acid as an inter~ 
mediate which undergoes cyclodehydration at a temperature of 4o-so0 c 
in the presence of acetic acid anhydride and sodium acetate to form the 
bismaleimide in high yield.It is easily i~~yinable that a great variety 
of bismaleimides are possible by simply changing the structure and 
molecular ~eight of the diamine used.In particular resin formulators 
should pay attention to those bri<iging units that either provide low 
melting transitions or improve solubility in lcw boiling solvents. 

The double bond of the maleimide is very reactive and can,for example, 
undergo a chain extension reaction with primary and secondary amino 
compounds.This reaction,known as Michael addition,is used to synthesize 
a well-known commercially available resin,Kerimide 601 of Rhone Poulenc, 
which is synthesized by reacting 4,4'bismaleimidodiphenylmethane with 
methylene dianiline either in the melt or in solution to form a poly
amino-bismaleimide (Figure 6) .The material is available as injection and 
transfer moulding compound and as a laminating resin.Unfortunately,like 
all the other polyimides discussed so far,the processing solvent is 
N-methylpyrrolidone but the moulding terr.perature of 17o0 c is fairly low 
and good high temperature propert~· reteDtion up to 200°c is achievable 
when postcured at 25o0 c,provided the prepreg used contained only 2 % of 
the residual solvent. 

The M7S 1 - Poly (amide-maleimide) resin ;,oncept. 

The major disadvantage of all bismaleimide resins detected so far is their 
brittleness.Speaking in terms of mechanical properties,they are high 
modulus low strength materials accompanied by a very low elongation at 
break.This is all .) consequence uf their higi1 crosslink density and the 
ar~matic nature of the starting materials employed for their synthesis. 
Having been confronted with these problems the authors tried to achieve 
both a low temperature melt transition and a prepolymer molecular weight 
high enough to provide a substantially increased elongation at break. 

The chemical approach towards these technical goals within ~ bismaleimide 
type resin is outlined 1n Figure 7.Meta-maleimidobenzoic acid chloride 
is reacted with 4,4'-diaminodiphenylmethane preferably in methylene 
chloride as a solvPnt in the presence nf ~ hydrogen chloride acceptor in 
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such a way that th<2 molar proportions uf the difunctio11al aromatic amine 
and the acid halide are between 1:2 and 1:1.The resulting poly..i1aleimide 
pref~lymer consists,depending on the molar proportions of the reactants, 
::>f a mixture of the .Jismaleimide IV and the amino-terminated monomaleiroide 
IV.The polymerization of the resin can be accomplished simply by heating 
the resin to temperatures between 180-7.60°C.The polymerization proceeds 
C)ntrolled in such a way that firstly the free amino groups of the 
moncirr:ide (III) react via the Michael addition with the double bonds 
of the bismaleimide IV forming a high molecular weight linear prepolymer 
whid. secondly crosslinks by a free radical polyadditi.on mechanism.The 
advantage of this chemical approach is that resins with controlled 
prepolyr:.er moh-cular weight can be obtained reproducibly by simply 
selecting the molar composition of m-MIC(I) and 4,4'diaminodiphenyl
methane.The formulated molecular weight of the commercially available 
material,'I'ECHNOCHEMIE M7'il,is 11.lO,providing,when cured,high mechanical 
strer.gth properties tnd good extensibility (flexural elongation = 4.81 i) 

For comparison •_wo resins ;.:i th lower formulated molecular weights have 
been prepared i.nd cured under the same conditions and,as was to be 
expected, they show .i.,;.,.er strength properties and lower elongations at 
break.Interestingly all the three resins shaw almost the same value for 
the elastic modulus,leading to the conclusion that the backbone chemistry 
defines the elastic modulus wh!le the c~osslink density influences both 
the strength and elongation properties. 

Fi·:r-.Jre ~' sum.'Tiarizes the prr_)perties of TECHNOCHEMIE M75i resin.A real mel':. 
trdnsiti,in is present as can be seen from the differential scanning 
caL;r igramme. The torsiunal modulus curve indicates a Tg for the cured 
resin cf 24o0 c after a standard postcure at 25o0 c for 15 hours.The 
TGA-thermogramme is typicdl for cured bismaleimides. 

The extensive investigation of the bismaleimide resins from this concept 
all wed the elucidation of many structure property correlations but 
because of the starting materials used TECHNOCHEMIE M751 has to be 
processed from N-metl1ylpyrrolidone to fihre laminates.To ove=come this 
disadvanta1e,work is in progress with the aim of obtaining modified types 
which arc- sol'.1ble in low boiling solvents like acetone.methyl-ethyl 
ketone or methylene chloride. 

TECHNOCHEMIE H 795-bismaleimirje resin cor • .:ept. 

The aerospace indust~y requires resin systeQS that do not emit volatile 
by-products during cure to allow the production of void-free laminates 
by usi;ig standard 350°F epoxy-like cure.Tooling,bagging materials,curing 
procedures an~ production facilities established for epoxies need to be 
met by the processing properties of new resin candidates to find 
acceptance by the industry.Processing of a resin with respect to its use 
as d matrix in fibre laminates is represented by its prepregging 
properties and overall moulding characteristics. 

Prepregging from solvent is usual for fabrics in order to obtain uniform 
impregnation of the r~inforcement.Low boiling solven~s like acetone, 
methyl-ethyl ketone and met~ylene chloride are preferred because they 
can be stripped off easily in circulating air at moderate temperatures. 
Unidirectional tape material can either be produced by a hot melt technique 
or by a solution dip-coating technoloCJ'j. 
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Recently TECHNOCHEMIE GMBH-Verf ahrenstechnik developed and patented a 
bismaleirnide type resin formulation which shows outstanding prepregging 
properties.A bismaleimide is prereacted with m-aminobenzoic acid hydrazide 
either in the molten phase or in solution to prcvide a prepolymer (see 
formula III,Fi~ure 9) which shows solubility in acetone,methyl-ethyl 
ketone or methylene chloride.The molar proportion of the bismaleimide 
and the amino acid hydrazide is such that bismaleirr.ide (I) ,the idealiz<::d 
bismaleimide III and intermedi~tes are present in the reaction mihture 
providing the solubility characteristics discussed and in addition 
providing low melt viscosity which is necessary for low pressure autoclave 
moulding (Resin specification,see Figure 10). 

Neat resin properties (Figure 11) . 

The bismaleimide resin TECHNOCHEMIE H 795 as supplied shows the differential 
scanning calorigrdl!lllle given in Figure 11.Tne heat of polymerization of 
265±20 Joules/g reflects the concentration of reactive maleimide groups, 
e.g. the state of adveinceme:1t .T:-ie cured resin like all other bis:::~leimides 
provides a TGA-t-hermograrrune inclicat1ng initial weight loss between 300 
and 4oo0 c and maximum weight loss occurring between 400 an~ 5oooc.The 
urunodj~ied resin shows no glass transition below 3oo0 c as indicated by 
the torsional modulus curve.The mechanical properties of che unreinforced 
resin are typical for a highly crJsslinked resin.The flexural strength 
of 100N/mm2 at rcJm temperature only decreases to 60N/mm2 at 25o0 c. 

Only a few data about the thermal oxidative stability of bisrnaleimide 
resins are _. JaiL:1ble in the open l i teraLure .According to our experience 
with bismaleimides,these resins fill t~e gap between totally aromatic 
polyimides and epoxies,which is confirmed by the results outained for 
TECHNOCHEMIE H 795 air ageing.Figure 12 sUITUnarizes the air ageing result 
obtai~ed for samples which were cast by use of a steel mould and cured 
under d pressure of 6 bars at ~emperatures up to 210°c and which were 
postcured at 24o0 c for 12 hours.The room temperature Mechanical properties, 
flexural strength,flexural modulus were not at all degraded after 500 
hours of 200°c,220°c and 75o0 c in circulating air.The high temperature 
flexural modulus of th~ aged material is increased whiie simultaneo~sly 
the high temperature flexural strength is decreased when aged at 25o0 c 
after 500 hours.Contrary to that at 200°c,we can see a simultaneous 
increase in both the high temperature strength and the high temperature 
modulus after ageing at 200°c.Ttese observations indicate that,during 
air ageing,both postcure and thermal oxiddtive attack occur simultaneously. 

Moisture absorption of bismaleimide type resins. 

During the last three years extensive attention has been paid to moisture 
proper·.:.ies of ma tr ix resins and composites .The state of the art high 
temperature epoxies ba~ed en tetraglycidylmethylenedianiline cured with 
4.4'-diaminodiphenylsulfane show moisture absirption of up to 6 i by 
weight (neat resi11) .When used in qraphite composites, this limits their 
use in so-called "n0t wet " applications because the glass transilion 
temperature of the resin is shifted dramatically to lower temperatures. 
Therefore polyimides are favoured for these applications because of their 
high glass transition temperature even when loaded with moisture. 
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Figure 13 summarizes the water absorption of bismaleimides (cured) .Sampies 
o~ TECHNOCHEMIE M751 and TECHNOCHEMIE H 795 were im.~ersed in distilled 
water for 1000 hours after which time saturation at room temperature was 
nearly obtained.For comparison neat resin moisture absorption of Kerimide 
601 is also presented.All the resins -~ow a moisture absorption ~f abouc 
4-5 i by weight.TECHNOCHEMIE H 795 was also moisturized at 7o0 c at 98 ! 

relative humidity under which condition moisture absorption takes place 
much more rapidly but the saturation level is very similar to the cold 
water immersion.At this point it is of interest to note that bismaleimides 
absorb moisture much more rapidly than epcxy resins. 

Prosessing oE TECFNOCHEMIE H 795. 

Prepregging of TECHNOCHEMIE H 795-resin. 

Prepregging can be performed either from the melt or from solution. 
TECHNOCHI:MIE II 795 !:£sin,which is delivered as a resolidified melt,shows 
viscosities between 100-2800 mPa.s at lto0 c and the viscosity and the 
processing temperature of the resin can be reduced further if necessary 
by t>lending the resin with "indifferent'' solvents like toluene,2-ethoxy
ethylacetate,diglyme and the like in quantities up to between 10-20 \ by 
weight.These solvents show a very low affinity to the resin and can 
therefore be easily stripped off at low temperatures (50-700C). 

The bismaleimide resin TECHNOCHEMIE H 795 can also be processed from 
70 i by weight solutions.This concentration allows the reduction of the 
impregnation temperature LO SQ-SOOC but the 70 % by weight resin solution 
has to be kept at a temperature of 50-600C during impregnation to prevent 
the resin from crystallization.The preferred solvent is a 2-ethoxyethyl
acetate (EEA) - methylene chloride (MC) mixture.The EEA-MC ratio should 
be between 1: 1 and 3: 1 .Excess EEA prevents ~.kin trapping .Ot1ier solvent 
combinations like EEA and methyl-ethyl ketone (9:1,8:2) have also been 
tried successfully-N-methylpyrrolidone is not recommended because it 
cannot be dried off satisfactorily. 

50-55 % by weight solutions are used for prepregging when fibre impregnation 
is performed by the dip-coating technology and excess resin is allowed 
to drain back into the resin reservoir.The preferred solvents for 50-55 \ 
by weight solutions are 2-ethoxyetnylacetate (EEA) - methylene chlorile (MC) 
mixtures.The ratios ~an vary between 20:80 and 80:20.Preferably higher EEA 
concentrations are used to prevent skin trapping. 

Moulding of TECl-!NOCHEMIE H 795 resin laminates. 

TECHNOCHEMIE H 795 is designed to meet low pressure autoclave moulding 
procedures.A typical cure cycle is given in Figure 15 for the basic 
TECHNOCHEMIE H 795 resin and for an elastomer modified version coded 
TECHNOCH~MIE H 795E.The cycle is self-explanatory indicating a maximum 
sure temperature of 21o0 c in the autoclave and a maximum pressure of 
4 bars.This cure cycle has b~cn tested successfully within an industrial 
production-sized .JUt.ucl.;ive for the manufacture of a complex graphite 
component.Nevertheless it is possible to reduce the autoclave processing 
temperature further by usinq cure accelerators for the bi.smaleimide 
resin 'H 795EK, H 795EKR) .When ~iaza-bicyclo-oc~ane (01\BCO) is empjoyed 
as d cat;:ilyst, the autoclave t:.1?n1i->erature can bL reduced to 170-180oC 
t" provide an "epoxy-like" cure (Figure 15;. 
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l.t this point it should be mentioned that bismaleimide cure can be 
accelerated by many catalysts,examples of wnich are ~ertiary amines 
like trimethylamine,dimethylbenzylamine or diaza-bicyclo-octane,or all 
types of pe:!'."oxides.Catalyst type and concentration influence the gel 
characteristics (e.g. gel times) and t.he rlow proper~ies during moulding. 
Adversely affected by catalysts is the shelf life of the prepreg,therefore 
type and concentration of the catalyst employed have to be balanced to 
obtain the right compromise between shelf life and processing temperature. 
For TECHNOCHEMIE H 795 we used concentrations up to 0.25 i by weight of 
diaza-bicyclo-octane to obtain the desired reductions of t:.he cure and 
postcure temperature without losing sufficient shelf life. 

Pcstcure of TECHNOCHEMIE H 795 resin laminates. 

Processing autoclaves are designed for maximum cure ~emperatures of 
170-21o0 c for big parts.These temperatures are not high enough to 
develop good high temperature mechanical properties in laminates 
prepared from bismaleimides.Ther~fore a fLee standing postcure ~t 
high temperatures is necessary. 

Practical laminate build-ups consist of symmetric o±45,9o0 lay-ups 
and we therefore tested the interlaminar shear strength without 
postcure and after postcure at 2lo0 c and 250oC of multidirectional 
laminates (Figure 16) .Main attention has been p~id to ~Pe high 
temperature properties and,as can be seen from Figur0 16,the increase 
of the postcure temperature increases the high temperature (25o°C) 
shear strenqth while simultaneously the room temperature strength is 
decreased.This reflects the change of the neat resin properties 
during postcure,in particular the increase of the neat resin elastic 
modulus. 

Simi 1.ar experiments were performed with the catalyzed TECHNOCHEMIE 
H 795 resin version (coded TECHNOCHEMIE H 795EK) and it was found 
that postcure temperatures of 21ooc are suff ici~nt when the resin is 
properly catalyzed to develop the high temperature mechanical 
properties fully. 

Laminate properties. 

Mechanical properties of laminates prepared fro~ TECHNOCHEMIE ~ 795E 
resin and Celion 6000 (standard epoxy-sized) fibres are given in 
Figure 17.0f course the properties at high temperature (250°C) 
are of main interest.The m~tr1x dependent properties like the 
QC-flexural strength,the 90°-flexuraJ strength and the short beam 
shear strength are in correlation with the neat resin mechanical 
properties,e.g. about 60-70 i property retention at 25o0 c is obvious. 
The room t1::mperature pro}Jerties could be expected according to the 
fibre properties of Celion 6000.The horizontal shear strength of a 
0±45o fibre lay-up shows only a very low property loss as compared 
with the room temperature value when properly postcured.All multi
directional laminates prepared from TECHNOCHEMIE H 795E resin are free 
of microcracks and the void content was found to be negligible. 

The mechanical properties of laminates are influenced also by the 
sizing used on the carbon fibre.It is known that epoxy sizing contributes 
negatively when used in combination with polyimi~~ matrix resins mainly 
when these laminates are aged at high temperatures in air.For the 



-
- 8 -

bisrnaleimide resin TECHNOCHEMIE H 795 we tested the standard epoxy-sized 
fibres and fibres which are sized with a polyimide finish.In this search 
we employed also the elastomer modified resin TECHNOCHEMIE H 795E,either 
catalyzeJ. or non-catalyzed.The results obtained are summarized in Figure 
18.It is obvious that the shea~ properties of laminates prepared from 
Pi-sized fibres are higher as compared with laminates made with the 
standard epoxy-sized fibres.Also the flexural properties perpendicular 
to the fibre direction are slightly improved when polyimide is used 
as a fibre sizing demonstrating good compatibility between the polyimide 
sizing and the poly (bismaleimide) resin TECHNOCHEMIE H 795 or its 
elastomer modified version TECHNCX:HEMIE H 795£. 

Recent research in the area of high temperature epoxy resins indicated 
negative influence of absorbed moisture oL mechanical properties of 
laminates at high temperatures.Moisture (water) acts as a plasticizer 
in the laminating resin and degrades the high temperature mechanical 
properties because of the reduction of the glass transition temperature 
l)f the resin.Btsmaleimides do like many polar resins absorb moisture to 
a high degreP (see Figure 13) ,but because of their extremely high glass 
transition temperature (Tg) in the dry state their Tg is still very high 
when saturated with water.This property makes them prime candidates for 
application in composites for the so-called hot wet environment. 

We therefore WP.re interested in the moisture behaviour of TECHNOCHEMIE 
H 795 laminates either prepared from star.dard epoxy-sized fibres or 
polyimide (Pi) sized fibres.The results are given in Figure 19.Dry 
laminates of Pi-sized fibres show extremely high shear properties.The 
shear strength at 1sooc is around 80-85N/mm2 for dry unidirectional 
laminates.The moistured laminate (1.7 i moisture absorption) shows a 
reduced shear strength at both room temperature and 15o0 c.At 15o0 c the 
reduction is around 30 i as compared with the RT value.It is interesting 
to note that the epoxy-sized fibres provide shear strength values of 
around 6S-70N/mm2 at lSOOC when dry and the shear strength is degraded 
to around 45-48 when wet.The percentage of property loss is the same as 
for the polyimide sized fibres which shows that the reduction i~ shear 
strengt:1 of wet laminates is a matrix dominant property.It is of main 
importance,according to our observation,that the initial shear values are 
sufficiently high to provide satisfac~ory wet shear properties in laminates. 

Because of its outstanding high temperature mechanical properties and its 
qood hot/wet properties TECHNOCHEM1E H 795 resin was selected as matrix 
resin to build a demonstration component,the air brake of the Alpha jet, 
a picture of whjch is given in Figure 20.The component develop111ent was 
performed by Dornier GmbH-Friedrichshafen and the prepregs for this 
programme were supplied by TECHNOCHEMIE GMBH-Verfahrenstechnik.The 
demonstration part was tested statically successful at 2<X>°C and 
TECHNOCHEMIE H 795 resin will therefore be evaluated further for hardware 
production. 

Concluding remarks. 

Bismaleimide type n'sins are prime candidates as matrix resins for 
graphite fibre laminates for 

(a) high temperature applications (170-220°c) 
(b) applications in hot wet environment (because of their high Tg in 

the dry and moistured state) . 

Because of their easy processability and the chemistry involved,the curj~g 
conditions can easily be adjusted by employing curing catalysts,reacc.iv(. 
diluent[; ,rnd ~lastomers.Of main importance is the improvement of the 
frdcturr_' touqhn~s~~ without the reduction of the high temperature properties. 



Slide 1: Synthesis of totaliy aromatic Polyimides 

Polyamidocarboxylic acid 

0 olyimide 

Lit.: C.~. Sroog et al, J. Polymer Sci., Part A, l (1965) 1373 

- Excellent thermal oxidative stability 

- Condensation Polyimide 

- Processed from N-Methylpyrrolidone - solvent 

- Processing includes 350 °c-temperature cure 



Slide 2: Synthesis of thermoplastic Polyimides 

--
+ n . OCN-Ar-NCO -

0 0 0 

" " " /c~c't(Xc' •N Q Q N-Ar..._ 
'c c/ 

11 II 
0 0 

0 0 0 
• ii II 

n·(:~c't(X;) 
II II 
0 0 

-2n· C02 --

~n .. 

CH3 

Ar = -Q-cHrQ- oder 16{ oder ¢f 
Lit.: L.M. Alberino, w.J. Farrisey jr, J.S. Rose, us P 3708458 (1973, to Upjohn) 

- Excellent thermal oxidative stability (260 °c> 
- High viscosity solution 

- Processed from N-Methylpy~rolidone - solvent 
- Processing includes high temperature (320 °c> and high pressure ( 7 b~rs) 

-..,...--·-·1 

"""' 0 

• 

' \ 
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Slide 3: ~MR-Polyimide concept 

Lit.: T.T. Serafini, P. Delviqs, ~.B. Alston, SAMPE Vol. 27, 320 

- Excellent thermal stability (230-280 °c) 
- Condensation addition Polyimide 

- Processed from Methanol or Ethanol 

- Processing includes high temperature (285 °c) and 
high pressure (14 bars) 
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Slide 4: Thermosetting Polyimides with acetylene endgroups 

I 
..... 

0 0 0 <a 
II u II H2N- R - NH~ I c(c~c~c,0 + -

H2N"©l 'c c/ 
II u C• CH 0 0 0 

0 
z 

l 
... 

200 250 300 

Lit.: A.L. Landis et al, ACS Polymer Preprtnts 12 ( 1974) 2, 537 

N.A. Bilow, US P 3845018 (to Hughes Aircraft Company) 

- Excellent high temperature ageing properties 
- Addition type Polyimide 

- Processed fr.om N-Methylpyrrolidone 

- Processing includes high temperatures (350 °c) 
and high pressure (14 bars) 

OC 
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Slide 5: Synthesis of Bismaleimides 

0 

Q 
0 

Lit.: US P 2444536 (1948) 
us p 3018290 (1962) 
us p 3127414 (1964) 
Brit. Pat~nt Spec. 1137592 (1968) 

- Addition type Bismaleim1des 
- Processed from solution or from the melt 
- Processability similar to Epoxies (170-200 °c, 4-7 bars) 

- Temperature capability 130-230 °c 
- Hot wet properties superior to Epoxies 
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Slide E: Polyamino bismaleimide resin concept 

, , 

Lit.: M. Bergain et al, Brit. Patent 1190718 (1968, to Rhone Poulenc) 

- Addition type Polybismaleimide • 
- Processed from N-Methylpyrrolidone - solvent 
- Processing includes 170 °c-temperature and 15-30 bar pressure 

- Good mechanical property retention up to 200 °c 
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Slide 7: TECHNOCHEHIE M 751 - Bismaleimide resin concept 

NH 

lg.cooH ·-er ~ _ __;;;;;;=;...__•.., Q-coOH soc1, .., 

~N-O{OCI 11 

I 

Lit.: H. Stenzenberger, Brit. Patent 1501606 (1976, to Technochemie) 

Mechanical properties for resins based on M 751-Bismaleimide concept 

Resin No. FMW Flex. Strength Flex. Modulus ~ 

N/mm 2 lcN/mm 
2 % 

M 751 - 1 1140 220 4,38 4,81 

M 751 - 2 790 180 4,65 3,71 

M 751 - 3 670 121 4,28 2,68 

FMW • formulated molecular weight 



Slide 8: Properties of TECHNOCHEMIE M 751 resin 
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Slide 9: TECHNOCHEMIE H 7 95 - Bismaleimide resin concept 

POLY/14ERIZATION 

Lit.: H. Stenzenberger, USP 4211861 (1980, to Technochemie) 

- Addition type Polybismaleimide 

- Processed from melt or from solution 
- Low temperature autoclave cure (170-210 °c, 4 bars) 

- Temperature capability 150-220 °c 
- High mechanical property retention up to 250 °c 
- Component fabrication experience 
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Slide 10: TECHNCX:H~MIE H 795 resin specification 

!PROPERTY 

Gel time 

Visc.osity 

Viscosity build up 
at 110° C/180 mins 

Residual solvent 

r•lubi Ii ty 

Differential 
scanning 
Calorigranne 

IPo I yme r i Z<' ti on 
Energy 

. 
Compos i ti on 

Abbreviations 

TEST HETHODE 

DIN 16954 
DIN 16954 
DIN 16954 

DSC 

DSC 

HPLC 

m Pa . s 

HEK 

CH2Cl 2 

TB 

TBEX 

1MAX 

1EEX 

DSC 

J/g 

VALUE 

25 - 3 mins 

400 - 2800 mPa.s 

1200-5750 mPa .s 

2 - 6 % 

50 % HEK 
50 % Acetone 
40 % CH

2
Cl

2 
T 146 :t 40 C 
TB 179 t 4° C 
TBEX 230 ~ 60 C 
TMAX 277 ~ 7° C 

[[)C 

265 t 20 J/.~ 

comparison with 
standard 

COMMENT 

test temperature 170° C 

co.11plex viscosity 

complex ~iscosity gbtained 
after aging at 110 C 
for 3 hours 

Weight loss at 1~0° c 
in vacuum (20 Torr) 
after 30 minutes 

clear soluble 
clear soluble 
clear soluble 

Heating rate 
10° C/min 

from DSC-Analysis 

dT 10° C/min Cit -

mi llipascals . seconds 

Hethyl-ethyl-ketone 

Hethylene chloride 

onset temperature 

extrapolated onset temperature 

exotherm peak temperature 

con;plete reaction temperature 

Differential Scanning Calorimetry 

Joule/granm 



Slide 11: Properties of TECHNOCHEMIE H 795 resin 
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Slide "!2: Aa."ina of TECHNOCHEMIE H 795 neat resin 
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Slide 13: Moisture absorption of Bis~aleimide type resins 
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Polyimide resin~ and prepregs : terminology 

r, Low pressure processing ( autoclave moulding 

a. resins: 

Base resin Modification 

TECHNOCHEMIE H 795 

~~~~~~~elastomer 

I 

TECHNOCHEHIE H 795 E 

Purpose of modification 

a) elastification 
b) reduction of microcracks 

in C-fibre laminates 

~~~~~~~~-reaktive diluent viscosity modifier 

TECHNCCHEHIE H 800 (H 795 ER) 

~~~~~~~catalyst 

b. prepregs: 
1 

processing temperature re
duction 

TECHNOCHEMIE T300 EP/H 800-0,1 K/38UD 

TECHNOCHEMIE CGOOO EP/H 800-0,25K/38UD 

I 
I . Lresln content, 

~type of resin, 

- type of fibre, 

fibre orientation 

catalyst quantity 

type of size 

II. High pressure processing ( press moulding, injection moulding, 

ram extrusion 

TECHNOCHEMIE M 751 

~ NMP solvent 

TECHNOCHEMIE M 751-L40 varnish for impregnation 
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slide 14: Processing of TECHNOCHEMIE :i 795 resin prepregs 

pressure line 

vacuum line, (1) vacuum bag 

enlargement 'f 

steel caul plate 
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rzzm glass fabric 
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Slide 15: Cure cycle for H 795 and H 795 E - laminates 
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Processing of TECHNOCHEMIE H 795 ERK - prepregs 

200 

150 
1000 

800 

100 

60C. 

; ~ ..c .. 
e4oo ::i 

~ .. so 

~ f~ ~200 ! 

0 0 0 
30 60 

thlclc lurge are11 laminates> 500xSOOx5 mm 

thick medium sized laminates 300x300x5 n.m 

small laminates ~1oox1Sox2 mm 

r-

1 

I 
I 

--------' 
90 120 270 297 

Time inutes J 

N 
Q\ 

l 



-

- 27 -

Slide 16: Inte~laminar shear strength of multidirectional laminates 

as a function of postcure conditions 

resin: TECHNOCHEMIE H 795 

fibre: T 300/3000 

postcure conditions 
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Slide 17: Prooerties of TECHNOCHEMIE H 795 E Celion-6000+ laminates 

Property Fibre Direction Unit Value 
2o

0
c 240°c 

Flexural Strength 0 N/m 2 
1850 1240 

Flexural Modulus 0 kN/mm 2 
117 120 

Flexural Strength 90 N/111111 2 
53 29 

Flexural Modulus 90 kN/m 2 
7,4 5,3 

Tensile Strength 0 N/DD 2 
1450 1300 

Tensile Modulus 0 kN/mm 2 
119 128 

Compressive Strenqth 0 N/m 2 
1400 800 

coa:pressive Modulus 0 kN/m 2 
128 120 

Horizontal Shear 0 N/111111 
2 

96 53 
(short beam shear, 
span to dept.~ ratio 
5: 1) 

Horizontal Shear 0!45 N/m 2 
48 42 

+ Standa~d Epoxy-sizing (1,1-1,3 % by weight) 



Slide 18: Properties of various TECHNOCHEMIE H 795 resin formulations 

Property I 
Fibre I 
Direction Unit 

I Tgs t Temp. , H 795 I H 795 E I H 795 EK , H 795 E I H 795 EKR 
( C) T 300/EP c 6000/EP I c 6000/EP I c 6000/P I I c 6000/P I 

-
Prepreg Batch No. 

)( x I 8225 : 8230 1 8235 

Fibre Content v/o 61 64 62 67 i 67 

Flexural ~trength o N/l'MI 
2 

I 23 1646 1850 1761 1992 I 1951 
I 250 1378 1240 1217 1575 

Flexural Hodulus i 0 I KN/1111l2 I 23 121 117 116 117 ' 121 
I 2so 

I 

120 120 114 I 121 
2 81 

I 
Flexural Strength I 90 I H/nm 23 53 60 I 81 I 62 

250 31 29 37 I 36 
2 

! I I 
,..., 

Flexural Hodulus I 90 I KN/mm 23 8,7 7,4 8,0 8,5 I 8,2 \0 

250 7,6 5.~ 6,3 6, 1 

Horizontal Shear I o I N/mm 2 23 81 96 95 104 109 
250 49 53 53 51 59 

Horizontal Shear I ot45 I N/1111l 2 23 48 48 51 45 54 
250 44 42 43 38 49 

H 795 Basic hot melt BHl-resin formulation, E •Elastomer, K •Catalyst, R •Reactive diluent 

X average of 3 different Prepreg batches 

EP • Epoxy 

Pl • Polylmide 



Glass transition temperature of H 795 ERK/T300 - laminates ( according to DIN 29971 ) 
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• Slide 19: Short beam shear properties of TECH~OCHEMIE H 795 resin 
laminates 

A 

A 

0 
---.__O A . ~ 

0 • 

o~~~~---~~-..,r--~~...,.~~~-r~~~~-~-

o 50 100 1 0 200 2So 
Temperature c0 c> 

6 H 795 EKR Celion 6000/PI, dry laminate 

• H 795 EKR Celion 6000/PI, wet laminate (1,71 % moisture) 

0 H 795 EK Cellon 6000/EP, dry laminate 

• H 795 EK Celion 6000/EP, wet laminate (1,61 % moisture) 
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Property retention of H 795 ERK/C6000 - laminates 

ageing conditions: at 70 °c and 94 % relative humidity 

interlaminar shear strength 
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Property retention of H 795 ERK/C6000 - laminates 

ageing conditions: at 250 °c in circulating air 

interlaminar shear strength 
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Fatigue characteristic of H 795 E - laminates 
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Target Properties for New Technology Prepreg and Co11posUes 

I. General Properties 

A. Room temperature mechanical properties of composites superior to 
epoxy/graphite composites 

B. Pro~essability of prep reg at least equivalent to epoxy/graphite 
C. 350 F servict! capability of co11posites after 751 RH exposure to 

equilibrium moisture content 
D. Fracture toughness of co11posites superior to epoxy/graphite 

II. Processability/ Handleability 

A. Graphite fiber/resin prepreg 
1. Self adhesion tack 
2. Nonirritating to operators (e.g •• so objectionable odors/vapors} 
3. Cure with present equipment

0
(375 F/100 psi max) 

4. Fourteen days out-time at 80 F 
B. Graphite fiber/resin composites 

0 1. Unrestrained postcurt (max 650 F/6 hrs.fair) resulting in craclt
free (+302• -302• 902)s laminates 

III. Physical/Mechanical Properties of Composites 

A. Environmental 
1. Glass transition temperature (Tg) 

(a) Min dry ; 450-550 F 
{ b) Min wet (75% RH) ; 350°F 

2. Thermal spikes 
{a) Max wt gai!b of 0.151 when exposed intermittently to 751 

RH and 3~:> F spikes 
B. Flex~e and Shear 

1. 0 flexure 
(a) Min RT dry flex strength • 250 ksi 
{b) Min 350°F dry flex strength • 200 ksi 
(c) Min 350°F wet (751 RH) flex strength • 150 ksi 
(d) Min RT dry modulus :a 18.5 msi 

2. Four-point interlaininar shear 
{a) Min RT dry .. 14 ksi 
{b) Min 350°F dry .. 10 ksi 
{cA Min 350°F wet (75% RH)• 7.5 ksi 

3. 90 flexure (foui"-point) 
(a) Min RT dry, tensile-face strain-to-failure • 1.01 

C. Critical strain energy release rate 
2 1. Min RT dry G1r... • 1.0 in-lbs/in 

D. Edge delamination nrength 
1. (+302, -30~ 902)5 edge delamination coupon 

(a) Min 1r1 dry, edge de lamination strength • 901 ultimate 

.. 
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