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Poly(p-phenylene pyromellitimide}PMDA-PDA)?} poly(4,4'-oxydiphenylene pyromellitimide)(PMDA-ODA)E 747}e]
poly(amic acid) ¥ poly(amic diethyl esteryd7-A| 25€] AF3}gic}. o] 5 1babol] tfsle], Thin Film Stress Analyzer
(TESAYE o] 45t0] Ejolv|= upuls] 27 SHAEL T4 LE(25400°C) shel] A7) A o]v|=Shol nre} A
A7re g SARE 7, 8 Fol S 23] A3 FAFL 25°Ce} 100 % A é&s}oﬂﬁ A% Fick's lawS #-&-3}
2ApElgeh. wa, A7) S5l BE LELAL AF SHATH Wl WAXDS o]-81e] 2A=I5ich. Fefole]
= ujuke] A5 —o—as] . PMDA-ODA(PAA)~PMDA-ODA(PAE)>PMDA- PDA(PAE)>PMDA PDA(PAA) <09, uhat
Wiz 4% 4 SR PMDA-ODA(PAA)>PMDA—ODA(PAE)>PMDA-PDA(PAE)>PMDA—PDA(PAA) %olgich.
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Abstract— Poly(p-phenylene pyromellitimide) (PMDA-PDA) and poly(4,4'-oxydiphenylene pyromellitimide) (PMDA-
ODA) films were prepared from their poly(amic acid) (PAA) and poly(amic diethyl ester) (PAE) precursors. For these thin
films, residual stresses were detected in-situ during thermal imidization of the polyimide precursors as a function of pro-
cessing temperature over the range 25-400 °C using thin film stress analyzer, whereas moisture-induced stress relaxation
was simulated as a function of time in 100 % relative humidity at 25 °C by a modified Fick's law. In addition, their re-
lationship between morphological structures and residual stress behaviors depending on precursor origins were investigated
by X-ray diffraction. In comparison, the residual stress was in the increasing order PMDA-ODA(PAA)~PMDA-ODA(PAE)
>PMDA-PDA(PAE)>PMDA-PDA(PAA) and coefficient of water diffusion into thin films was in the increasing order
PMDA-ODA(PAA)>PMDA-ODA(PAE)>PMDA-PDA(PAE)>PMDA-PDA(PAA). Conclusively, the residual stress and the
stress relaxation behaviors induced by water diffusion kinetics were strongly affected by the morphology nature (chain rigidity,
chain order, orientation) depending on the precursor origins and imidization step. In addition, stress relaxation coefficients
for these polyimide films measured at 100 % relative humidity show consistent trend with water diffusivity of polyimide
thin films measured by electro-microbalance.
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Fig. 1. Synthetic path of PMDA-ODA polyimide with different pre-
cursor type.
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Fig. 2. The schematic diagram of Thin Film Stress Analyzer(TFSA).
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Fig. 3. FT-IR analysis curve of PMDA-ODA film under various cur-
ing temperature (a) PAA, (b) PAE.

Table 1. Infrared absorption spectroscopy assignments for key vi-
brations of aromatic precursors and polyimide

Precursors vibration Polyimide vibrations

Peak Wave number Type of  Wave number Type of
number cm™ vibr. cm™ vibr.
1 3301 N-H str.
(amide)
2 2988 C-H str.
(ester)
3 1777 C=0 str.
(imide)
4 1716 C=C str.
(ester)
5 1716 C=0 str.
(imide)
6 1661 C=C str.
(amide)
7 1529 N-C-O str.
(amide)
8 725 imide ring
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Table 2. Resulting residual stress in polyimide thin films® according
to different imidization step

e Residual stress Glass transition
Precursor Imidization

Polyimide type process” at 25°C temperature
(MPa) 49

PMDA-PDA PAA 1 step -45 >500 °C
PAA 4 steps -16
PAE 1 step 13 >500 °C
PAE’ 4 steps 9

PMDA-ODA  PAA 1 step 30 400 °C
PAA 4 steps 30
PAE 1 step 29 400 °C
PAE 4 steps 29

“All precursor films were prebaked at 80 “C/30 min. A heating rate be-
tween steps was 2.0 °C/min. And then all films were cooled with a rate
of 1 °C/min to 25 °C. The thickness of the imidized film was ca. 10 pm.
A4 steps process : 150 °C/30 min, 230 °C/min, 300 °C/min and 400 °C/1
h. Obtained from Refs.[17,33]. ‘Obtained from Refs.[4,9,18]. “Obtained
from Refs.[35].
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Fig. 4. Residual stress behaviors of PMDA-PDA thin films versus
temperature (a) PAA, (b) PAE.
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Fig. 6. Residual stress relaxation of polyimide films at 25 °C in 100
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Table 3. Comparison between stress relaxation behaviors and water
sorption behavior in polyimide thin films due to water sorp-
tion

Stress relax. Relaxation Relaxation Diffusivity
Precursor  (MPa)’ coeff.” coeff.” DS

Polyimide e @ 25°C, S, x10™ S, x10°  x10™

100% RH) cm’/sec  cm’/sec  cm’fsec
PMDA- PAA 9.9 11.98 9.23 3.60
PDA PAE 14.4 13.13 8.1 7.30
PMDA- PAA 7.7 28.84 16.8 10.50
ODA PAE 8.1 22.78 37.8 9.00

“Stress relaxation coefficient for the water sorption at 25 °C and in 100
% RH. "Stress relaxation coefficient for the water sorption at 25 °C and
in 50% RH. Obtained from Refs.[17,33]. ‘Diffusion coefficient for the
water sorption at 25 °C and in 100 % RH. Obtained from Refs.[16,17,
27,28}. “m-PMDA-PDA.

48 F40| u}2 PMDA-PDAS} PMDA-ODA whate] 23 i3}
E 25°C, 100% A<= olA ZAste] AP A7}E Fig. 65} Table 3
o Vel giet. 2 AFelAE Ree $[21]10] AT Asfel= 2],
7] §3o] AR B} k5 Rl Aalgle] o] EhiE &4t

sistzst HI37A HM1S 19994 28

zo3ol - B

Hol we} AR AE o2 Qs SHL USRS FAE R
et

SBol @2 JFL AR wa} A FickianA& A48 25
PMDA-PDA(PAA)S] -3 215+ 37 2i3] Ao} 53 sl 11.98
x 107 cm*/sec$} 9.9 MPa, PMDA-PDA(PAE)?] 7-$- 13.13x 107
cm/sece} 14.4 MPa s Vehdrl. 742131 F-%3] PMDA-PDAC]A $-
2 913} gato] ¥t 729 PMDA-ODARE} o] doutw, 5
8 Fzo} BAYe] PAER A28 Fejoln| = uiutex] S 43}
7} Z7)sigdch. E3], 4A% 72 714 PMDA-PDAC| A, PMDA-
PDA(PAE)’} PMDA-PDA(PAA)R T} -3 243} Al(Syt S7H8H5
21}, PMDA-ODAS] 7-¢-o= PMDA-ODA(PAA)S] 33 i3] A
Z(SyF 2 7 ehisich 933 A& 713l PMDA-ODAS] 74
o o] 913} &w9} 23 $15}7} PMDA-ODA(PAA): 28.84%X 107"
cm/sece} 7.7 MPagl ¥ PMDA-ODA(PAE):= 22.78X 10™° cm’/secg}
8.1MPaZ Ho|i 9lt}. ]2 $AH Fickian 222 © 2 fittingd}
A= Fig 7014 & 253 gir} z2iv} Table 3ollA4] 25%e] 9t
T2 48§ A5 AP 59 Adisrze] Wt ot
o2 A2 Jehlz givH16,17,27,28]. o] & A AR W}
ko] oln| =3} FA, uhate] F, )3 F9] 79 Aol a3
asiA A2 vlasrlal PR, AR § 43 S
$39] ks wr) mi2A) FYo Tdsiglond, $3 43 A5
AdErt 271l wet B3 25 53 SRk Solshe A%
< 3ok ol& 27 3l A4 Fejo|v|= uielo] ]Hte|] -
Zgol we} uhek gaie] FUAe) ke R el A AR &
ol-& Aold, AAHNA AT AF $Ho] ¥ 5 S5
< w24 3)7) dEoleln AtsRrt. =], 3 43 AFeRs
A 455 AT £ AT, AeTrl Sl vt
3 57 sistefo] ZU1RE Ao 2 Mol wp| 2] - FhRke] F
74 Ao g AT, ol Al w4l AEZ U3 Ao} dF
3t} 53], 100% Al sl 43 3 43} Sme A2} vlA
A& o] g3l FpHom A7 Eejo|v|ne] ¥ lrur}
o 2.3u) A FI8lE T, SR AT FF A= AL
%4 PMDA-PDA(PAA)<PMDA-PDA(PAE)<PMDA-ODA(PAE)<
PMDA-ODA(PAA)Z. A3t x4 Bolx gict.

w&, F4) Fxo) wel diamine®] o it F3t== PDA<
ODAS] &A]e]=2[31,32], PMDA-ODA~} Atf4 22 PMDA-PDA

120 T L T T
100 - WBQQWO VvV VY -
o
o
B \d égfj
=~ L [ ]
g % o A
£ .0
& vo S
L 60F Jeo, .
= Yoo
7 YeO v PMDA-ODA PAA
L ol wo v PMDA-ODAPAE
2 O PMDA-PDA PAA
g i‘)} ® PMDA-PDA PAE
20 ? i
0 1 A 1 1
0 200 400 600 800 1000

/L (sec”zcm'1 x 0.01)

Fig. 7. Isotherm of stress relaxation in films of various polyimides
measured at 25 °C, 100 % R.H.
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Fig. 8. WAXD pattern(transmission and reflection mode) of PMDA-
PDA film cured at 400 °C.
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Fig. 9. WAXD patterns(transmission and reflection mode) of PMDA-
ODA film cured at 400 °C.

Table 4. Mean intermolecular distances and coherence length in thin
films of polyimides

Mean intermolecular
ot Coherence Film

- distances” .
Polyimide - — length  thickness
In-plane’ Out-of-plane AY!
3 : A (um)
(G G
PMDA-PDA(PAA) 4.66 4.28 130 11
PMDA-PDA(PAE) 4.75 4.27 110 10
PMDA-ODA(PAA) 491 4.71 80 10
PMDA-ODA(PAE) 4.92 4.75 85 10

“Estimated from the maximum of X-ray diffraction peaks correspond-
ing to the intermolecular spacing. *Calculated from the peak maximum
of amorphous halos in the transmission WAXD patterns. “Calculated
from the peak maximum of amorphous halos in the reflection WAXD
patterns. “Calculated from the peak maximum of (00) peak in the
transmission WAXD.

halor} Vehde}. Al& 73Rl e Hegs 285 AA =7], co-
herence length(Lo)[34)= F3} 2x.9] (00D ol 4] AAlsldw, &
A7k Bt 7 2] 2} Z7| Table 4ol Fehigich.

#9] SA o248 dojR|= ZFHZ2A], PMDA-PDAPAA)IA A}
<7t Bt A2l 27 o ekt T wheko 2 4.66 A, 4.28 Aolo)
i1, PMDA-PDA(PAE)ell A= 4.75A, 4.27 Aelgic}. =3} ukal B =
oll4] PMDA-PDA(PAA)] = 7157} R 24 Jehd Ao= B
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