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Instability During the Post Mould Cooling of Glass/PEI Laminates
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ABSTRACT

The prediction of internal stresses and post forming dimensional instability is crucial for
designing of precise composite parts and to determine the optimum processing condition. In the
present study, effects of post mould cooling on the dimensional instability and internal stress
development within thermoplastic based composites were studied. It was aimed to investigate
the potential of a comprehensive viscoelastic approach as a tool to realize the prediction of these
problems. Analyses were based on three stage modelling, i.e. the viscous, the viscoelastic and the
elastic stage. Simulations were performed of the internal stress developments in(0,/90,)
unbalanced glass/PEI laminates with two different cooling conditions followed by press forming
process.

This paper also describes the measurement of residual stresses in(0,/90;) glass/PEI laminates
using the SGT(Successive Grooving Technique) in an effort to investigate the potential of this
new technique. The measured stresses correlated well with the predicted stresses, showing the
promising possibility of this technique.
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Table 1. Thermal properties for unidirectional
glass/PE!l material

: Transverse | Longitudinal
Density(kg-m™) S%figgc-s v};{e)at conductivity | conductivit
(W-m™K! (W-m™K*
1878 209 0.364 0.61

Table 2. Relaxation functions for unidirectional
glass/PE|l material (unit:GPa, A.=5.19,
0.78, 0.07 forw=1, 2, 3)

Ca 0=0 o=1 0=2 0=3
Cu 20078 | 8404 11416 5.623
Cu 42.209 1257 1/709 0.838
Cn 0.121 3122 4245 2.081
Cx 0.03% 1068 1452 0.712
Ca 0.030 1.050 1430 0.700
Css 0510 1870 2540 1.250
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Fig. 1. Relaxation functions for unidirectional glass/

PE| material (unit: GPa, 1,=5.19, 0.78, 0.07
for =1, 2, 3).
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Fig. 2. Shift factor as function of temperature.
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Fig. 8. The CTE (coefficient for thermal ex-

pansion) of glass/PEl material.
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: fibre // 1o y axis (5 layers)
/ T : fibre // to x axis (15 layers)

Cooling Path : 350°C - 25°C
(i) Medium rate balanced cooling : ~1°C/Scc
(ii) Slow rate unbalanced cooling : ~0.07°C/Sec
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Z  (L=12 mm, h=3mm, Ele.AR=~5)
L
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Fig. 4. Geometry of glass/PEl laminate. (a) : lam-
inate, (b) : finite element mesh.
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Fig. 6. Experimental apparatus for internal siress
determination.
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Cooling History - Balanced Cooling
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Fig. 7. Temperature evolution on the surface and
within the laminate: for balanced cooling.
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Cooling History - Unbalanced Cooling
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Fig. 8. Temperature evolution on the surface and
within the laminate: for unbalanced cooling.
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< &ty

_:13._,
< e e B

fu

d 7 7ol wlE] 2w olAte] FE

Fa 9ot el WA F
mould Fol 2%k 9]32] constraint 242 H=
R3] 8] o] gho] d8kS u|x] 3, o]7le] A}
Ao g Azl HE HA) = 3lpEdAAld F
28 FEE A= A S8k sk

Flo] deriizlql A4l (thermoelastic ap-
proach) 2 2%, o] 72 mould £l 2|3t 7]}
A FEHxZot m o Ao} e 3 W
o kg A o2 dME = gk F, S I
Ae] A o 2 stress free temperature £} 22
n}]?ﬁ13'1—’F(pa.ra.me‘cer)E =8letm, Yo F 4
SHo] o] HAHLR 3pe] 1 o]FHF o] FolA
= 7}7} 100% o] 5-& 100% B EF ke x|up]
| heEE SRS B2 ¢ vk ndele] A
-, W7 & A3kl AEshs N e
£x27 5o F8F AAES s FEHR
ZAA g gloenz, A e el
glc}. =3, stress free temperature = A 8 FA
o] ohd riAle] 22 M, HZe] galol} S
w4 5o ofg] adld ae} gepd 4 gleng,
Ag H22hg ks 28] d3) ol & A5zt
vl ofjull s, o] & AEA 22 ol A& A}
AlAy Brbssit.

Wzhs} W g)sled, A (generation)?} o]t
(relaxation) o A& Avhe B9 HF-8Y
2 ZleBqbg o] FAof glofa], of 9] A4l o]
el Bde

A

s} ol E T AL WHE



50 R

B

Bl BEBGHHBER

g 7S Fola A o2 d4S nd¥ Fe=
Zlo] wiga]sle, Fig. 9 ¢] A= o] & % A=
A Ao oA 1 7S AAslkE gt

Fig. 10 ~ Fig. 13 &, A 3-ge] Y7 5 443}
£ U589 sidZ el o] a¥ENA WY
$4, Se & A9 Ao uieke] $¥L A A3,
el A" FAA L 2 F el 9l
o} qrAMe YA F 27 4 71 DA A Y
SH-& e A it ol AER([TIHA 34
o] ZEAEL Y3 v dAHAe 3 dAr)
mould gtellA] A PE o, F (1) A DA (viscous
stage : &% AA 2] X7} glass/PEI A g2
Tg R} AAF3] Fopal, W2 ol W3 49
ZF o3l 5% $H A4 A0 o8}, 4
HE 449), (2) AHA DA (viscoelastic stage : A
2319l %7} glass/PEI A 72 Tg 24kel w4
2 $Ho A o|gte] -2 order B FFIE=
°34)) (3) et b7 (elastic stage : &9 L&
7} glass/PEL A| 82| Tg R}l A33] W dA.
£ 9] ojghg A o] ¢k, Yzte) o]
AEl SHe] AR BERE oY) 9, 2z 4A
ol o] wx| et A (oh-g dAR A= AH g
Wze] kg AA) clAe}, =3 11 ¥ mould 2
SE A0 Sy F9 Y A F, 4 7HA
Aefoll A Ul -8 ] AAl Aojolrt. 2 wAe] A
HAL HaEE (TS ST h o disjad,
tolerance 3t 0.001 2 Fo] AAsteo 2y HAA S
Atk

Prediction of internal stress build up in
balance cooled [015/905[ faminate
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Fig. 10. Evolution of internal stresses in the long-

itudinal direction during balanced cooling.
(Sxx : 0,

Prediction of internal stress build up in
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Fig. 11. Evolution of internal stresses in the
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T
40 2 2
~ s
a 0 P ]
z SRS SN TX1X " s H S LET o T o MY DL O SO
@ . —
S_) -40 nnety xx-after sec
(‘})‘) --------------- O« Sxx-after 858 see
‘80 seesBeem Sxx after 4730 scc
X o Sxx after demold
-120 ‘ ' i ; -
-hf2 0 interface h/2
Position across thickness
Fig. 12. Evolution of internal stresses in the long-
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Prediction of internal stress build up
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Effect of constraint during cooling - [015/905] laminate
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Fig. 13. Evolution of internal stresses in the
transverse direction during unbalanced
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Fig. 17. Comparison of the predicted internal
stresses after cooling under different con-
straint condition: transverse direction, un-
balanced cooling. (Sxx : 0y)

Aoz Az AF3YE 54, A} 0]

a2 Bgkeh FA e, oA ZH_'&’LH/I 784
Z7& 98 /pdR SGT why(8le] o434t

4 (balance cooling) @ %+J(unbalanced cool-
ing) & ©oH-g A zhzte] HEgozHEl I
o7 A AJH, F(90,/05) A H A 9] AF-E

< FAstact

1%Zi_ir, ZaEg8lel] 7€ upe} Zol
AE3 7} layer o] 954 &9 78 F3
o £ strain AR IE 2 Jol Mo AFS
Hg A A4E 5 Qo a8y, AFHE &
AL A glolA] 3= ALAe] 87,
SGT A& A= &4, & F7FE5% strain 5
A 23} AlEUe] 7+ o FAG F e 4
frrekzt Sol v]gA g ¢ @& compliance A4
o] ex} &, A{-&3 A4te kA A (stability)el]
#HestA GFE v 4 ook SGT wH oA+,
Ao FHZ 2R & 3 FE U £
o7t Wi el A= straing SA3A dot. 2
9 AF-EH gt 4L FrhEet ¥ Qs
GAHZ s, o= g Fo] YL 1 o)A
Z Bl ] YA A H) strain FAHA 24
B AlabEc. o] o, A3 2dE & o o)A
7S AL LA Qlew O Fel4 g
SHAAANAM Y 22l FEH I, o)le FHE 2
AAE A PG4 )L oF5E ot o] FA
gk oA ke 2, B 5o Ade] e A
WAL 8 AHL sk A A A ‘%‘”4, =

A9 Aol slef FAAe] g 29l A
g e BAIE W ehe A el g 4
slch.

% °4:L°1V1" 5]—/1:7(]’0 H a O]‘g‘, xvl"rl‘"o%—‘ “/:z&
Aollaje] Atel 2% A4l B2 (instability)
FAE I EE sk &, SGT Age] o] Fof
Al (90,/05) A F el 4], 9079} 0° - v ol 4] AHF-&
A RxE il 7R Eh,

rlo

Oy=ax+ba -h2<L 2z <z,

Oy=cx+d at z; < z X h/2
A71A, 2= A oA z & grolet.

A @sllA, 90°s} 0°9] 2 2 el A 2] A7
% 47“"1 ALA a, b c, d= = ;\(}Tr'é‘a ny"] E}-Qjo]
Aol FYzA c2ve), 1AL 2 M2 FY 5
olch. o714, el o] g3t malE Fynkg Yy
< e 2o,



E104% EIH, 19979

4% Wroldol WE Glass PEl $¢A18) A543 2539 % 53

z=h/2
2Mx =j

z=h/2

25 Gy () dA =0 i 6)

ole we}, FAl= 27 Azl s Aejd
T e Ml HEE F P e s &
ol Zos #Zd)

743 ete ¥ ¥ E, & SGT 4¥4 &4+
A 71 EA4E strain £ F 5 YE LHE
=, e FA o g goF% 4 glvh

@ 278 Az goz, d= Ay A ¥ e

Stresses in balance cooled [90]5/05] laminate

Sxx - predicted

SGT measurement
cenees DT
-80 O D12 —

wetrens T4

-h/2 0

Position across thickness

interface W2

Fig. 18. Comparison of predicted and measured int-
ernal stresses: transverse direction,
balanced cooled laminate. (Sxx : o,))

Stresses in unbalance cooled [9015/()5} taminate
40 - -
— 0 . i A
= e : . /
E oz s 8§33« predicted /_‘ U
% -40 SGT measurement 4
o weeBans RET]
': Oe-s RETS
& :
80 eeetres RETS
e O+ RETE
ool i i — )
-h/2 0 interface h/2
Position across thickness

Fig. 19. Comparison of predicted and measured int-
ernal stressesitransverse direction, un-
balanced cooled laminate. (Sxx : g,)

EZE A3z,

@ 7] $HREE 2= A2l B, S
e B¢ =] SGT Age 3, /M9
strain Z34*| & F-3}o],

® 71749] strain 3 A SGT A &3] =
A9 strain 3} 8], 4o 25232 2= AE
o 3¢ A

Z, A A SGT Aol 93] &A% strain 3} 7}
A 2R HH 2 A L XS F1=) strain & B &
PR ZE %] 2 AHsimulation) & 4= gt}

Fig. 18 7} Fig. 19 &, o|Ate} o] il
< g SGT A g & 78 A7 7 4]
of o5 &g AF-H & v|=e Aol A
22, dEAe AFA & dAz= e 2
T3 9lch

5.4 &

o)A AYE = EEAY Al F4
2} o] fdIQl WF-5H Y ATE d&sed 9l
A9 MA d&5H-S Hrisly] ¥ B4e
2, glass/PEI A &3-& 422 A8 (moulding)
% Y7z}to] ¥ (cooling profile)?] &5 A-3tg]ch
2 ZHA e Aelar Yrbeld, & F4Y-uA
(balanced fast cooling) = <H-ujdix]
(unbalanced slow cooling) Z=7-& o 38}31, )7
o] A Zyte] 2 FA4F) 1 U] 283 H|
e L Hxridol Bl AT 84 v
W A e Bl gaslgo).

Ay & Yatelzel 3 g, & (1)% A (viscous)
@A, (2w (visco-elastiodAd] 2 (3yaAd
(elastic)ddA| offrle] W ¥ WA}, o Fo g
ol ofE Ao ¥y, § sty g%
HeFde 2 sAslder, d¥-geg s e
2438 #Halslgeh B dFoa AREEk glass/
PEI A& #A-$, Aeq Wz AdA F, (4
B A A 30% o] WF-S3He] WA=
AL FAstch =g o] 3 oA mould o] 2%k
“F-4+(constraint) 2| <o) S-Holgto) AL
3, ZHH L2 o]F ApEtH el g g3
€ vlA= AL FEspg o], ol & AHYH o2 A
Akt ot ol Eof, Ak AlE ¥ FAEAS
Aol ZFAT I FA ] - 2 3R
9] ool glojfe] HHFEE Folv] AT HHA




54 %

<

A BEBIOMEEER

o 2dge] deAe H#dE 5 s

53 ASwde AR-8E SA A
SGT w9 Abrsde 2] A8 A4S
A A 8191 c}.(90,5/05) glass/PET & 3w o] 2H5-5-
o A4 slolAE, HoAY S o8, AHA
zak FAe glolAe] 2Ape] Z]lshs Al
HgA EAE HZT 5 Aok AT s
A3t Az & sk e 22E $ 5l
32, ol24 SGT w9 7142 53kt

FaxEd

1. Werner, W.,"Cost Effectiveness of Struc-
tural Applications of Fibre Reinforced Ther-
moplastics”, Proc. of the International Sym-
posiums 'Advanced materials for light weight
structures’, ESTEC, Noordwijk, The Neth-
erlands, pp.25-27, March 1992.

2. Barnes, J. A., Byerly, G., LeBouton, M. C.
and Zahlan, N., "Dimensional Stability Effects
in Thermoplastic Composites - Towards a Pred-
ictive Capability", Composite Manufacturing,
Vol. 2, No. 3/4, 1991.

3. Nairn, J. A. and Zoller, P., "Matrix Sol-
idification and the Resulting Residual Ther-
mal Stresses in Composites", J. Material Sci-
ence, 20, pp,355-367, 1985.

4. Nairn, J. A. and Zoller, P., "The De-
velopment of Residual Thermal Stress in

Amorphous and Semicrystalline Thermoplastic
Matrix Composites", Toughened Composites,
ASTM STP 937, American Society for Testing
and Materials, 1987.

5. Manson, J.-A. E. and Seferis, J . C., "Pro-
cess Simulated Laminate(PSL): A Methodology
to Internal Stress Characterization in Ad-
vanced Composite Materials", J. Composite
Materials, 26, 1992.

6. W. J. Yu, P. Sunderland and J.-A.E. Man-
son, "A method for the measurement of int-
ernal stresses in laminated composites: the
Successive Grooving Technique"”, Proc. ANTEC
94 11, pp.2045-2049, 1994.

FA, "A R gAe AEA LA sE
W3 &2 A3 ARA 24, 5§
=] &.83]=#], Vol. 10, No. 3, 1997.

8. A, "A-F7E S AgR-eHe &
Ae AT A& /GG, - EgA s
3|7, AA £, 1997.

9. Phillips, R., Kim, P., Sunderland, P. and
Manson, J-A., E., "Influence of Processing
Parameters on the Dimensional Stability of Po-
lymer Composites", Proc. of the International
Workshop on Advanced Materials for High Pre-
cision Detectors, Archamps, Haute-Savoie,
France, ,28-30, September 1994.

10. ABAQUS/Standard User's Manual, Hib-
bit, Karlsson and Sorenson Inc.




