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Abstract: The paper introduced the structural applications w ith PMI ( Polymethacr ylimide) foams in sandw ich components

for r oto r craft , launching vehicle and civil air craft and discuss some typically used manufact ur ing methods, such as e. g.

in-mould pressing , aut oclav e curing and resin infusion. The advantages of foam-cor ed sandwich design ver sus honeycomb-

co red design w ill be discussed, focussing on manufactur ing co sts.
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  T he paper w ill int roduce st ructural applicat ions

w ith PM I ( Po lymethacrylimide) foams in sandw ich

components for rotor craf t and civil aircr af t and dis-

cuss some typically used manufacturing methods,

such as e. g. in-mould pressing, autoclav e curing and

resin infusion. The advantages of foam-cored sand-

w ich design versus honeycomb-cor ed design w ill be

discussed, focussing on manufactur ing co sts.

1  Properties of Rigid Foam Plastics

11 1  Mechanical Properties at Room Temperature
Logically , the suitability of foam core mater ials

fo r a part icular sandw ich applicat ion depends on the

st ructural requir ements result ing f rom the design ca-l

culat ion. If w e compare the mechanical proper ties at

equal densit ies, it becomes obv ious that PM I foams

of fer outstanding propert ies ( F ig. 1 and Fig. 2) .

11 2  Mechanical Properties at Elevated Temperature
In addit ion to the mechanical properties at room

temperature, the dynamic shear modulus vs. temper-

ature curve shall be used to discuss the thermo me-

chanical propert ies, referring to st ructural integ rity

of a sandw ich component w hen exposed to elevated

temperatures( F ig. 3) .

It can be concluded that only the fam ily of PM I

Fig. 1  Com pari son chart of various foam

specifi c tensile st rength/ m odulus

at room tem perature

Fig. 2  Com pari son chart of various foam

specific shear st rength / modulus

at room tem perature

fo ams visualized by a yellow band, can ser ve as a re-

liable sandw ich co re material at temperatures above

130 e . A significant decr ease in performance first

sets in at 180 e .
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Fig. 3  Dynam ic shear modulu s of diff er ent rigid foam

2  Processing Ability of Rigid Foams

Today. s in-mould pressing , autoclave cure and

resin infusion processes for sandw ich manufacture u-

sing epoxy matrix systems can be subdivided into two

major categ ories:

( a ) low- temperature curing sy stems up to

125 e ;

( b ) high- temperatur e curing systems up to

175 e .

In both cases the foam co re is expo sed to a tem-

perature load plus a pressure load for a cer tain period

of t ime. T hus the cr eep behaviour o f the fo am is the

main po int of interest for the manufacture. In the

case of advanced resin infusion pro cess using mono-

component systems such as RT M 6, the foam core

must w ithstand high inject ion-pressure ( up to 01 6
MPa) and high inject ion temper ature ( up to 180 e )
loads during the ent ir e inject ion process.

Table 1  Suitable foams for different prepreg resin systems

Resin/ Prepr egs Temperature/ e Pressu re/ MPa Foams

Polyester RT - Nearly all

Epoxy RT - Nearly all

Low pressu re

ep ox y prepreg s
> 80 -

PVC( H T ) ,

Rohacel l

S tandard epoxy

prepregs
125 ~ 175 0. 3 ~ 0. 7 Rohacel l

Bism aleinimid 190 0. 7 Rohacel l

A test series car ried out at Rhm GmbH to eva-l

uate some typical fo am plast ics in a density of 80

kg / m3 was concluded w ith the fol low ing results:

Cycle 1: 125 e / 01 3MPa/ 2h

Type of foam C reep/ %

Cycle 2: 180 e / 0. 7MPa/ 2 h

T ype of foam Creep/ %

PU > 12 PU Not ap plicable

Material

collaps ed
PVC ( H T grade) Not ap plicable

PVC ( H T grade) 10 PMI ( WF- HT ) * 3. 5

PMI 1. 5 PMI(WF-H T) * * 1. 5

  * H T : material heat-t reated, 130 e / 2h, 190 e / 48h

* * : density 110 k g/ m 3

Advanced RT M pr ocess using e. g. Hexcel. s

RT M 6

Inject ion
Post-curing

temp eratu re
Foam type

PU and

PVC

PMI

( WF grad e)

~ 01 6MPa/ 180 e 180 e Creep in % Not applicable 1. 5

3  Matched Mould Co-curing Procedure

In case of matched mould manufacture of ro to r

blades, the cost saved by using a fo am co re instead of

a honeycomb core. T he r easons are ease o f meaning

the PM I foam core and a significant reduct ion in too-l

ing and manufacturing costs. T he honeycomb ver sion

requires six basic oper at ions:

Shaping of f ir st contour, lay-up and cur e o f low-

er skin to the shaped core, shaping the opposite core

contour lay-up and cure of the upper skin, assembly

and lay-up of pro cured details and f inal cure of the

component .

The single-cure pro cedure of the foam cored ver-

sion consists of only 3 steps:

Shaping of the co re, assembly and lay-up of all

details and final cure.

It is easy to see w hy this part icular manufactur-

ing method w as so successfully applied to the manu-

facture of helicopter main ro to r blades. The thermo

elastic behaviour and excellent creep compression re-

sistance o f the PM I foams w ere the decisive factors

fo r using them as / act ive0 mandrels in the matched

mould curing process development by WEST LAND

engineering and Degussa. Slight ly oversized fo am

cor es provide a suf ficient ly high and constant lev el of

internal pressure, per fect ly consolidat ing even very

thick prepreg layers and guaranteeing and ex tr emely
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low vo id content in the lam inate. This part icular

manufacture method is highly cost- ef fective and relia-

ble.

Fig. 4  Matched m ould proces sing meth od

The init ial change f rom the o ld metal blade de-

sign to composite blades w as prompted by the w ish to

solv e corro sion problems and the demand for in-

creased performance and service life of the blades. A

manufacturing method using PM I fo am co res as an

/ act ive0 mandr el and st ructur al member of the sand-
w ich component w as developed in close cooper at ion

betw een a major European helicopter manufacturer

and the ROHACELL
 
eng ineering team. T his tech-

nolo gy is w ell know n as the in-mould pressure

pro cess. During the closed-mould curing process, the

thermoelastic behaviour of the foam core prov ides in-

ternal pressure, perfect ly consolidat ing even massive

prepreg layers against the mould surface. Ow ing to

their excellent creep compression resistance, such

fo am cores can pro vide a very high and constant level

of pressure. In-mould pressures of up to seven bars

can be reached and maintained during a tw o-hour cure

cycle. The desired peak pr essure can be adjusted to

precisely meet the gel po int of the epoxy prepreg.

The superior mechanical propert ies o f the fo am im-

prove buckling resistance of the most ly v ery thin U-

spar s used in the blade design. Thanks to their out-

standing fat igue behav io r, w hich is second to none a-

mong r ig id foams, PM I fo ams w ithstand the high dy-

namic loads to w hich the rotor blades are exposed

during their service life.

By using the PMI foam-co red design, the ser vice

life o f rotor blades w as increased from approx imately

400~ 500 f light hour s for the init ial metal blade, to

more than 10, 000 flight hours today. A detailed

study carried out by BELL concluded that a PM I

fo am-cored tail rotor blade co sts only about 20 per

cent as much to manufacture as the honeycomb-cor ed

version. This is because the foam co re makes it pos-

sible to int roduce a single cur ing pr ocess, w hereas

the honeycomb core requir es several curing and bond-

ing operat ions. In addit ion, machining of the fo am

cor e is much easier, and up to ten times higher feed

rates are possible. PM I foam cores have been suc-

cessfully introduced in many major blade prog rams.

The main blade of WEST LAND. s EH101 helicopter

is probably the most impr essive example. T he length

of the blade is appr oximately 8. 5 metres. Eur ocopter

makes intensiv e use of PM I foam cores for their range

of helicopters.

For the match mold co-curing technolog y, the

fo am oversize rate of the fo am material is g ot w ith

the simulation test under the curing condition ( tem-

perature and pressure curve) of the prepreg .

4  Autoclave Co-curing Procedure

At present , the prepreg auto clave method is pr-i

mar ily being used for the manufacture of high quality

composite components since it pro vides a very high

and reproducible component quality w hile requiring a

moder ate investment of to ols. The high component

quality is at tained by compact ing the pr epregs ( resin

impr egnated, cont inuous f ibre products) , in the au-

to clave. Simple to ols are r equired because only sin-

g le-sided suppor ting too ls are needed which have a

flex ible v acuum cover.

If w e focus on the manufacture of air craf t com-

ponents, mostly N OMEX
 
and alum inum honey-

combs are used as the cor e material. T hey of fer ex-

cellent str ength- to-w eight and modulus- to-w eight ra-

t ios.

On the other hand, the non- isot ropic and open-

cell character of honeycombs causes some problems

during core shaping and curing . Honeycombs do not

w ithstand lateral fo rces/ pressures and tend to co-l

lapse during cor e shaping and sandw ich cure. T hey

do not fully support prepr eg lay er s during cocuring

operat ions, w hich results in surface imperfect ions

and zones o f poor lam inate consolidat ion and fiber

diso rientat ions. A no ther majo r problem is extensive

moisture abso rpt ion and corr osion, w hich limits the

performance of the component and caused increased

expenditur e for repair and higher service lift costs.
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For these reasons, suitable rig id foam cores based on

PM I have been ut ilized in manufacturing sandw ich

components for aero space components fo r quite some

time now . T his includes secondary st ructures as w ell

as primary st ructures fo r state-of-art aircraft .

PM I foam cored sandw ich st ructur e is f irst ly

consider ed in the composite pay load fairing for the

Delta 2. The goal fo r the new development w as cost

reduct ion in the manufacturing process as w ell as in

the assembly of the fairing . PM I fo am was used as a

b-i funct ional cor e serving as the mandr el and as a

st ructural member of the sandw ich contribut ing to

buckling r esistance. The decision w as prompted by

the fact that PMI foam can easily be thermoformed to

even very complex geometr ies such as the no se sec-

t ion o f the fairing. This makes it possible to imple-

ment a simple male tool plus a co st sav ing lay-up and

cure pro cedure. Prepr eg for the inner skin of the

component it laid up first, fo llow ed by the precisely

thermo formed pat terns of the PM I foam being the

mandrel for the lay-up of the outer prepreg skins.

The ent ir e lay-up is vacuum-bagged and co-cured at

175 e in one shot.

Fig. 5  Fu lly bagged hal f fairing Delta 2

5  Resin Infusion Procedure[ 1, 2]

The resin infusion method has become estab-

l ished in the past few years as an alter nat ive to the

prepreg technolo gy. In this method to fabricate the

sandw ich st ructure, a cost-ef fectiv e and nonimpreg-

nated f ibre perfo rm and fo am core is placed in a mas-

sive mould to w hich a low-viscous resin sy stem is in-

jected under pr essure.

  Due to the clo se-cell str ucture o f the PMI foam,

it is w idely used in the sandw ich str ucture w ith resin

infusion technolo gy. With the latest development,

PM I foam cell size can be customized so that the fo am

surface resin absorption can be reduced to nearly ze-

r o, which reduce the sandw ich parts w eight .

In the Gulfstr eam G 150, a new generat ion belly

fairing ( Fig. 6) realized by means o f vacuum assisted

resin infusion ( VARI ) . A pre-net-shaped core of

PM I foam is pr ecisely thermoformed to the requir ed

contour. In the next step dry reinforcing material is

st itched to the core making a r eady- to use assembly

w ith is easy to handle ( F ig . 7) . T he assembly is put

on the female too l and is vacuum bagged. Resin is in-

fused by means of vacuum suct ion and the part is

post-cured after the inject ion process has been fin-

ished. The r ig id fo am core acts as a mandrel, carry-

ing the dry r einfo rcement and is also a st ructural

member of the sandw ich design. The parts produced

by the low- cost VARI processing have excel lent sur-

face f inish and the skins have a very high fiber vo-l

ume fract ion. ( Fig . 8 and Fig . 9) .

Fig. 6  Design of the belly fairing

Fig. 7  Foam w ith st it ched-on fabric

(下转第 45页)
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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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