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Abstract: H igh- per formance bismaleimdes ( BMI ) matrix composites r einforced by g raphite fiber s wer e prepared and

toughened w ith a thermoplast ic component ( PAEK) by using t he Ex- situ concept. Experimental matr ix was designed for

over all toughening of the base resin, periodica lly interleav ing thermoplast ic films into each plies ( Ex-s itu concept) and for

vary ing t he film com positions. The highest impact damage resistance cha racterized by compression after impact ( CA I)

was obtained fo r the laminates toughened on the E x-situ concept, especially , w hen tw o-component cast films of a special

ration of PAEK / BMI 60B 40 were inter leaved t hough the t hermoplastic concentrat ion fo r the overall toughening, inter lea-

v ing the pure thermoplastic films and the tw o-component films w as comparable. T her e were tw o peaks found in the DSC

trace of the laminates toughened implying a phase separation pro cess o ccur red. The g lass transitio n temperature of the

laminates toughened w as slightly reduced due to the low- temperatur e PAEK . Mo rpho lo gical study revealed a typical g ran-

ula r structure just in the interpla y reg ion as a result of spinoda l decomposit ion and coarsening pr ocess. This w as in ag ree-

ment of the r esult o f DSC investig ation.
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  Graphite f iber reinforced laminated mater ials

w ith high st if fness and st reng th to w eight ratio s are

w idely used in skins str uctures of airf rames. There is

recent ly an increasing use of them for primary aircr af t

st ructures, part icular ly of advanced militar y air-

craft s. Bismaleimdes ( BM Is) are high- perfo rmance

matrix resin w ith dist inguished irradiat ion-proof and

/ hot-w et0 pr opert ies, heat resistance and excellent

mechanical property retent ion at elevated tempera-

ture1s compared to epoxy systems. How ever, the

use of BMI based gr aphite laminates in the primary

st ructure has been lim ited by their poo r impact dam-

age resistance and the reduced compression strength

af ter impact ( CAI) . A tradit ional method to impr ove

the toughness of thermoset t ing matr ix resin is incor-

porat ing a thermoplast ic component into the system

to form a toughened tw o-phase st ructure.

Recent ly , w e developed an innovative concept to

significant ly increase the CAI propert ies of lam inated

graphite sy stems by periodical ly inter leaving thermo-

plast ic thin layers into g raphite plies. T his so-called

Ex-situ concept has successfully been demonst rated

in many epoxy based lam inates[ 1- 4] . It is likely an

al-l purposed concept for toughening any laminates in-

dependent on the chem ist ry o f matr ix resins. Hence,

it w as expected that the Ex-si tu concept can also be

applied for BM I based graphite laminates. T his paper

reports first r esult on BM I based laminates Ex-si tu

modified and demonst rates the success of new deve-l

opment[ 5] .

1  Experimentals

11 1  Materials

In this paper, a model matrix of BM I resin sys-

tem and the BMI based laminated g raphite system

w ere invest igated. T he matrix and the lam inates

w ere addit ionally toughened by a thermoplastic com-

ponent .

The BM I used w as a combinat ion of N, Nc-4,

4c-bismaleimdodipheny lmethane ( BMPM ) , 0, 0c-d-i

ally-l bisphenol A ( DABPA) and some diluents. It is

deno ted as BM I 6421
[ 6]

and w as an own development

of the Nat ional Key Laboratory o f A dvanced Com-

posites ( LA C) . F igure 1 show the molecular str uc-
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ture of the BM PM and DABPA, respect ively. T yp-i

cal mechanical propert ies of BM I 6421 are listed in

Table 1.

Fig. 1  Molecular formulae of the BMPM and

DABPA used in the study

  The thermoplast ic component used w as an amor-

phous po lyetherketon w ith a phenolphthalein side

group, developed in China ( Xuzhou Eng ineering

plastics Facto ry ) , denoted as PAEK
[ 7]

. Figure 2

show s its mo lecular st ructure. Neat PAEK has a

glass t ransition temperature of about 240bC and its

propert ies are very similar to PEEK in many aspects.

PAEK is dissolvable in THF, making it suitable fo r

manufacturing thin film s and blending w ith BM I 6421

in solut ion.

  The g raphite f iber used w as T oray T700.

1. 2  Graphite Fiber/ BMI Prepreg Manufacturing

Graphite lam inates w ere manufactured by con

vent ional prepreg technique . T hey w ere cured in an

Table 1 Mechanical properties of BMI 6421

Longitudinal tens ile

st rength/ M Pa

L on gi tu dinal ten sile

elast ic m odulus/ GPa

Interlam inar shear

st rength / MPa

Flexur al

st ren gth / MPa

Flexural elast ic

modulu s/ GPa

1670 143 92 1730 120

Fig. 2  Molecular st ructure of PAE K as toug hnes s modifier

autoclav e. T ypical curing cycle is show n in Figure 3.

Fig. 3  Temperature-t ime- pres sure diagram for curing

1. 3  Experimental Methodology

As matrix r esins there w er e four variants ( T able

2) : pure BMI 6421 as contro l ( case 1) , blended ma-

trix o f BM I 6421/ PAEK w ith a PAEK concentr at ion

of about 17. 5% ( mass f ract ion) ( case 2) . Case 2 w as

basically no thing than the convent ional toughening

technique, namely thermoplast ic modif ied thermoset-

t ing matrix. Case 3 stands for our Ex-situ concept,

i. e. the pure BM I 6421 matr ix based laminated sys-

tem were toughened by periodically interleaving pure

PAEK thin f ilm s into each plies. In principle, this is

a / select ive toughening concept0 compared w ith the

case 2, being bet ter categor ized to / overall toughe-

ning concept0. In case 4, the pure PAEK films inter-

leaved w ere replaced w ith those of PAEK/ BM I 6421

tw o-component f ilms. The composit ion ratio of the

films could be varied from 0% to 100%. As PAEK B

BMI 6421 = 0 B 100 ( 0% PAEK) , it reduced to case 1

as control; and for PAEK B BMI 6421 = 100 B 0

( 100% PAEK) , it returned to case 3. T he exper-i

mental matrix is listed in Table 2.

1. 4  Interleaving Film Prepararion

To produce PAEK/ BM I 6421 two-component

film s for the case 4, PAEK and BMI 6421 w ere first

mixed in T HF at different ratios listed in Table 3;

the m ixed so lut ion was then spr ayed onto glass sub-

st rate to cast thin f ilms. It is important to note that

the PAEK concentration in each composition rat io

w as a constant o f about 17. 6% ( mass f ract ion ) .

Therefore, the film thickness decreased from 23Lm

fo r the rat io of 60 B 40 to 18Lm fo r the rat io of 100 B

0 ( Table 3) .
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1. 5  Impact Damage Resistance
The impact r esistance w as evaluated by using

QMW CAI specimens [ 8] . T hey w ere isot ropic lam-i

nates w ith the plies of[ 45b/ 0b/ ~ 45b/ 90b] 2s, 89mm @
55mm in size. T he impact energy used w as 2J/ mm.

1. 6  Morphology

The morphology of the specimens w ere investigated

using a scanning elect ron microscopy ( SEM, JSM-5610,

JEOL Co. ) . The fracture surfaces of the specimens were

etched w ith THF and dried, and coated.

2  Results and Discussion

2. 1  Compression after Impact Properties

CAI data obtained is also listed and compared in

Table 2. Each datum was an aver age o f three spec-i

mens and CV ( %) stands for deviat ion.

  As indicated in T able 2 , the contr ol ( case 1 )

Table 2  Experimental design and the test results of CAI data

Case Mat rix r esin CAI/ MPa CV /% Rem ark s

1 BMI 6421 ( cont rol) 180 3. 04 Pure BMI res in

2 BMI 6421/ PAEK ( overall t ou ghenin g) 199 0. 789 T oughen ed res in

3 BM I 6421/ PAEK ( E x-si tu concept ) 254 8. 70 Interleaving pu re thermoplast ic films

4 BMI 6421 / ( BMI6421 / PAEK) ( Ex-si tu con cept ) 290 3. 27 Interleavin g tw o-com ponent f ilms

show s a CA I datum of about 180M Pa, w hereas fo r

the blend matrix specimens ( case 2) CAI is increased

to about 199M Pa. T he toughness is enhanced, but

the enhancement is relat ive. How ever, the toughness

impr ovement resulting f rom the Ex-si tu concept w as

much significant . CAI obtained in case 3 w as about

254M Pa even there w as a big scat ter among all spec-i

mens tested. The highest improvement of impact re-

sistance w as achieved by interleav ing the tw o-compo-

nent films into the plies ( case 4) , result ing in a CAI

datum of about 290M Pa, even when the quant ity of

PAEK added into the system w as comparable w ith

that in the blend ( case 2) and in the pure PAEK film

( case 3) . T his compar ison demonst rates obviously

the eff iciency of Ex-situ concept in enhancement of

impact damage resistance of g raphite laminates even

w ith int rinsically br it t le matrix .

Table 3  Composition ratio of PAEK B BMI 6421, the film

thickness and the CAI data of the laminates

interleaved with the films

Mass rat io of

composit ion

Film

thickness/ Lm
CAI/ MPa CV/ % Remarks

60 B 40 23 290 3. 27 Case 4 in table 2

80 B 20 22 272 2. 15

90 B 10 20 256 5. 57

100 B 0 18 254 8. 70 Case 3 in table 3

  T able 3 repo rts CAI data in dependence on the

PAEK/ BMI 6421 composit ion rat io fo r the lam inates

toughened by using the Ex-si tu concept . It is clear

that for the lam inates w ith the highest CA I of

290M Pa ( case 4 in T able 2) tw o-component f ilms

w ere used alone w ith a special composit ion rat io of

PAEK B BM I 6421 = 60 B 40, w hereas for the

laminates w ith CAI= 254M Pa ( case 3 in T able 2) on-

ly pure PAEK films w ere interleaved; this means

that the composit ion rat io w as 100 B 0. As men-

t ioned prev iously, the PAEK concentration w as de-

signed constant for the four differ ent ratios. Why the

CA I varies w ith the composit ion rat io is at the mo-

ment not clear .

2. 2  Glass Transition Behavior

Figure 4 show s the glass t ransit ion behavior of

neat BMI 6421 resin ( a) and BM I 6421 graphite lam-i

nate ( b) interleaved w ith the tw o-component f ilms of

a rat io of 60 B 40 ( case 4 in T able 2) by means of

DM TA. H igh- temperature peak at about 285bC in

Figure 4a is char acter ist ic for the T g of BM I 6421,

w hich is, how ever, low er ed down to about 271bC in

figure 4b for the laminate. The low ering ef fect of

glass t ransition temperature w as not only found fo r

BM I 6421, but also for the toughness modif ier PAEK

which, as shown in f igur e 4b, is slight ly reduced

from orig inally 240bC to about 234bC for the lam-i

nate. The exact cause for the low ering ef fect is at the

moment unknown. A lone ther e w ere tw o char acteris-

t ic temperatur es reco rded in figure 4b implies the ex-

istence o f a tw o-phase structure for the matr ix Ex-si-

tu toughened.

2. 3  Morphological Characteristics
Co rresponding ly to the glass tr ansit ion behavior
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Fig. 4  Glas s t rans iti on behavior of BMI 6421( a) an d the gr aphite lamin ate ( b) made by Ex-situ m ethod

exhibited in Figure 4, morpho log ical invest igat ion re-

vealed that a typical decomposit ion process o ccurr ed

in the inter lam inar regions ( Figure 5) . In the f igure

( a) one can easily f ind the horizon ( 0b) plies and the

45b plies of the laminate inter leaved w ith the PAEK/

BM I 6421 tw o-component f ilms of a composit ion rat io

of 60 B 40 ( case 4 in T able 2) . The PAEK compo-

nent w as prior the SEM study chemically etched-o ff

w ith THF. The g ranular str ucture remained w as

BM I component cured. It could not be etched aw ay.

As shown in the figures, there is a char acteristic

granular mo rpholo gy appears in the inter play region

w hich is of ten observed on the therma-l react ion in-

duced spinodal decomposit ion fo llow ed by a phase

Fig. 5  ( a) a repr esentat ive of interply morphology of graphite

laminate toughened by PAE K/ BMI 6421 tw o- component

f ilm of a composit ion rat io of 60 B 40 thr ou gh Ex-si tu

concept . PAE K w as chemically etch ed- off .

( b) a high magnif icat ion of ( a)

coarsening process[ 9] . It is apparent that the g ranular

st ructure is ver y f ine, with an average diameter of o r

ev en low er than about 1Lm.

How ever, the situat ion changed for the laminate

interleaved w ith pur e PAEK film s in Figure 6 fo r

case 3 in T able 2. At the same chem ical etching con-

ditions, an overlapped nodular st ructure o f remained

BM I component appear ed. The aver age diameter of

the nodular st ructure seems much larg er than the

cor relat ion length so that the part icles w ere st rongly

interconnected to fo rm a rough morpho logy. As

known, there are many factor s af fecting the spinodal

decomposit ion and coarsening mechanism [ 9] , for in-

stance, the diffusion behav io r, the dissolubility be-

havior, the speed compet it io n behav io r, the viscosity

behav ior and the sur face tension behavio r, etc. How-

ever, an exact explanat ion fo r the change in morpho-l

o gy can at the moment not be g iven.

Fig. 6  A repr esentat ive of in terlayer morph ology of graphite

laminate toug hened b y pu re PAE K f ilm through E x-si tu

m ethod. PAEK w as chem ical ly etched- of f .

By taking CAI data in conjunct ion w ith the mor-

pholog ical char acteristic into considerat ion, it is con-

ceiv able that the completely grow n and co-continu-

ous, but not ov er lapped granular st ructure must be a
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good sign fo r high toughness and thus for the high

impact damage resistance. It is also believed that the

tw o-component f ilms help to facilitate the spinodal

decomposit ion and coarsening pr ocess, leading to the

granular st ructure. How ever, an intensiv e invest ig a-

t ion to this st ructure- property r elat ionship is cer tain-

ly needed.

3  Conclusion

  In conclusion, in terms of compression after im-

pact ( CAI) behavior the Ex-si tu concept has success-

fully been demonstr ated for BMI 6421 / PAEK lam-i

nated g raphite systems, particularly if the tw o-com-

ponent f ilms o f a specific composit ion rat io of 60 B40

w ere periodically inter leaved.
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Fig. 8  Infusion procedure

Fig. 9  Cured and t rimmed part

6  Conclusion

In conclusion, it can be state that high perform-

ance PM I foams meet the demands of the match

mould pr ess, autoclaving and any kind o f resin infu-

sion processes.

The excellent cr eep compression resistance and

outstanding temper ature resistance of PMI foams

make it po ssible to use them for all common cure cy-

cles. Po st-cur ing temperatures up to 225 e ar e a-l

low ed. PM I foam cor e can be used w ith cost ef fect ive

cocur ing pro cessing technolog y and it is easy to be

shaped.
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