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INFLUENCE OF SEMI-CRYSTALLINE MICROSTRUCTURE ON
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HYdrogen Permeability of Organic Composites at CRYogenic Temperature
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H, gas storage (P = 350 = 700 bar) Liquid H, storage (T = 20 K)
p =25-35 kg.m3 p = 65-70 kg.m-3

High-density polymer liner LH2 - TANK SYSTEM inner vessel

Carbon fiber composite

1

Dome protection

TPRD

Valve
Temperature sensor
Boss

Hydrogen Storage for Mobility: A Review - Etienne Rivard (gaseous / liquid) heat exchanger www.Linde.com
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TPRD ~ Thermally Activated Pressure Relief Device
Credit: Process Modeling Group, Nuclear Engineering Division. Argonne National Laboratory (ANL)
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P =1-4 bar
T=-253 °C /Diffusion 1] Solubility\
Permeability P Fick’s law Henry’s law
'm.m-2 11 ac
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OO [] D XS X axJ
O

Diffusion D Solubility S K \ p = D X S \ /
(m2.s?) (mol.MPa*m3)
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[ Density ] Gas

[ Polymer State ]

Permeability P
(mol.m.m2MPas?)

Diffusion D
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‘ (%\ Permeability theory —X
Influencing parameters \ e )

O o .
Density O
Polymer State o O 1
Crystallinity O M
oo e e cristalinity of pEek . [2]
O g 1.1i
Permeability P O Crystallite ..
(mol.m.m2MPa1s?) g | '
Diffusion D Solubility S % 021
(m?.s) (mol.MPaim3) “1 | | | "

Cristallinity (%)
[2] : Monson et al. —J. APPL. POLYM. SCI. - 2013
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‘ (}\ Permeability theory X
Influencing parameters \\ )
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Density

[ Carbon filler

Polymer State

Crystallinity

Carbon Content
@)

Permeability P O Crystallite

(mol.m.m2MPas?)
@)
Diffusion D Solubility S
(m2s1) (mol.MPam3)
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‘ % Permeability theory —X
Influencing parameters \\ )

Density
* ) " Carbon filler
Polymer State
Crystallinity

Carbon Content

=
| Gas Size ) Permeability as a function of the gas used for different polymers [2]
p - 4 : EEEK
And more -Tm 07 ‘1:;;:. A PPC
) ’ O <
Tu-n “h
Permeability P _ v 22
5 v O Crystallite E
(mol.m.m=MPa1s?) = . §
O
Diffusion D Solubility S 25 g
(m?.s1) (mol.MPaim3) & Oz e

[2] : Monson et al. —J. APPL. POLYM. SCI. - 2013
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[Carbon Content} [ Density } [ Crystallinity ] [ Polymer State ] [

Gas size ]

How the semi-crystalline microstructure of thermoplastic polymers
influences its permeability ?
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T(°C) 4
Heat treatment procedure
6002 7002 8002
250 Lo
PEKK
225 | PEKK 6002 AR CcC AR CcC AR CcC
PEKK 7002
200 o Xc (%) 11 22 | 12 28 6.2 33
PEKK 8002 * AR = As Received ; CC = Cold Crystallized
Crystallinity of the as received (AR) PEKK 6002. 7002 and 8002 films and cold crystallized (CC)
. films determined from DSC results at 10°C/min
t(s)
Monomers of the T and | forms
PEKK 6002 7002 8002 [3]
o Monomer | = - C,oH;,05---=-=-=--—-- i [
OO0 rs{l
OO e e e T ] 1000
_ B T.. (°C) 305 332 358 - -
T/I Ratio 60/40 70/30 80/20

[3] : T. Choupin — PhD ParisTech - 2017
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le-7

Measurement of permeability, diffusion and solubility

Raw Helium permeation curve

He partial pressure (Torr)

|

Steady state ——

Raw data

le—-3
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Helium permeation curve
(accumulation form)
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Helium permeability, diffusion and solubility results of PEKK for 0,5 bar of differential pressure at 293K I"? [ ] o Eiigggz
6002e | 7002m | 8002V ois v PEKK3002
PEKK =
AR| CC |AR| CC | AR | CC o ¥
Permeability (mol/m/s/MPa) x 10° | 1.93 | 0.995 | 1.87 [ 0.968 | 1.71 | 1.00 § 0
g
Diffusion (m2/s) x 10%° 1.69| 1.20 | 1.66 | 1.26 | 1.55 | 1.34 214
=
©
Solubility (mol/m3/MPa) 114 | 8.28 [11.3| 7.67 | 11.0 | 7.46 ey
g
£
=10 ° ¥
[}
I T T T T T T T
0 5 10 15 20 25 30
h Crystallinity (%
Can we consider all materials identical in terms of permeability ? rystallinity (%)
-> Is there a crystallinity threshold above which permeability remains constant ?
J
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L L21e N (] ® PEKK6002
s Almost linear behavior n LN PEKK7002
& 1.1 p — P o 14 - ¥V  PEKK8002
= semi—crystalline = AF amorphous a ~ |
- 1.0 1 = * - .
"n n Non-linear behavior between the
= 0.9- € 1.6 different T/I ratios
S S Psc = f(Xc, Py, -)
S 0.81 S
g 2 1.4+
0.7 1 =
2 ... e
= e, ()]
3 061 e €1.2-
. | -
: 3
0.5 -
| -
0] i £
o e, 3 1.0 W ¥
0.4 - ‘® F) .......
T T T T T I T T T T T T T
15 20 25 30 35 0 5 10 15 20 25 30
Crystallinity (%) Crystallinity (%)

Can we consider all materials identical in terms of permeability ?
-> Is there a crystallinity threshold above which permeability remains constant ?
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[2] : Monson et al. —J. APPL. POLYM. SCI. - 2013
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Helium permeation curve

le—7 Raw Helium permeation curve le—3 (accumulation form)
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Pre,acc(l) = Preacc(i — 1) + pre(i)
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o1 T
le—-10 12 le—-9
1.7 4 . IU) ; ® PEKK6002
= ™ o b PEKK7002
I Psc = X Dar S, ) S © - ¥V PEKK8002
L oell v L1 S S 1.8+ '
W Lo ! = E/
o "y, & n Non-linear behavior between the
£ . . i < € 1.6 different T/l ratios
c 1.54 -10 5 ~
S g S Psc = f(Xc, Py, -)
o S
£ 2 2
© 1.4 Lo = =
£ ERNE-
2 . 2 )]
23, LS S £ 127
= s 5 &
o =
“ T S04 e N >
12 - =
T T T T T T T 7 I T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 30
Crystallinity (%) Crystallinity (%)
Can we consider all materials identical in terms of permeability ? . . .
N - . P A mmmm) | Permeability as a function of T/l ratio

[2] : Monson et al. —J. APPL. POLYM. SCI. - 2013
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. le—10 12 . le—-9
7 - |
o " (1 ® PEKK6002
.. " - [0 PEKK7002
| K
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— i N '.. V.. | 11 N Q 18
! 1.6 eate T — N %,
0 .:::.: . . I(U - ’¥..‘
N Vi [ aQ 0
g Tk, < € 1.6
c 1.5 TR - 10 3 -~
-9 " ...... E o
| B R A S
----- >
e L S oS O R k= 2 1.4
T 1.4 e -9 o =
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> Ty (e} Q
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v T 3 1.0 . *
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Crystallinity (%) Crystallinity (%)

Which model can explain the influence of the T/I ratio on permeability ?
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Two-Phase Model (2PM)
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6002 7002 8002 « Two-Phase Model (ZPM) » [1]
PEKK PSC = (1 — XC)Da X (1 — XC)Sa SC = Semi-Crystalline
AR CcC AR CC AR CcC [ PSC — (1 _ XC)ZPa A = Amorphous

Xc(%) 110 220 120 280 620 33.0

* AR = As Received ; CC = Cold Crystallized

(O Gas particle
/] Crystalline zone

Amorphous zone

[1] : Klopffer et al. — Rev. IFP, Vol. 56 - 2001
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6002 7002 8002
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« Two-Phase Model (2PM) » [1]

PEKK Pse =(1—-X.)D, x (1
Psc = (1 = X)?P,

AR cCC AR CC AR CC

- X S SC = Semi-Crystalline
c’“a

A = Amorphous

Xc(%) 110 220 120 280 6.20 33.0

* AR = As Received ; CC = Cold Crystallized

2.0 12 Tln
m PEKK6002 m PEKK6002 .

PEKK7002 PEKK7002 'T
) s PEKK8002 r? 11.18 11.17 11.15 [ PEKK8002 &
L £ 117 E

NE |fu I
: : s
© 1.5 S 10 o)
i, £ S
° 2 2
£ E 3
fa) 5 -%
o 0]
=
[
1.0 s
. L) . . . . E
The 2-phase Model provides a rough prediction without describing ?_::
the effect of the T/l ratio on the change in permeability. T
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—— 2-phase model PEKK6002
2-phase model PEKK7002
—— 2-phase model PEKK8002

1.8 \

——/
1.6 A
1.4 1
1.2
1.0 A
0.8 1

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Crystallinity (%)
[1] : Klopffer et al. — Rev. IFP, Vol. 56 - 2001
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6002 7002 8002
PEKK .
AR CC AR CC AR CC Amorphous Fraction
Xc(%) 110 220 120 280 620 330
* AR = As Received ; CC = Cold Crystallized =
AT Y \
( X, = Ahm B Ahcf Crystalline area
c =
Ah1o09
AC,(T,
4 X, = p( g) > u / ) ,
ACp.o9%(Tg) k6
\ X A= 1 —-X C Amorphous Fraction

[6] : Sonchaeng et al. - Prog. Polym. Sci. Vol. 86 - 2018
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6002 7002 8002 X. = Ahy — Ahes
c
Ah
PEKK 100%
AR CC AR CC AR CC T 13007 [5)
N 6 AC,(T,
Xc(%) 110 220 120 28.0 620 33.0 6] 4 X, = p( g )
* AR = As Received ; CC = Cold Crystallized ACpO%(Tg) s 0.27 J.K'l.g'l (PEEK [7])
XA =1-X 140
A _1 L e ittin
Ah U 'g ) .. o Eltztmg(sooz
20 ",
@100 ........
e
8 8ot
g |
c
O 60r .
el
g 7Y -
of
0 | | | s . |
> 0 0.05 0.1 0.15 0.2 0.25 0.3
T (OC) Change of heat capacity at Tg (J/g/K)

Linearity considering a 2-phase model

. [5] : Blundell et al. — Polymer, Vol. 24 - 1983
Fédérale [6] : Sonchaeng et al. - Prog. Polym. Sci. Vol. 86 — 2018
Tl [7] : B. Wunderlich - Pure Appl. Chem.. vol. 67 -1995
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6002 7002 8002 v Afm — Ahey

.=
PEKK Ahqggo
AR CC AR CC AR CC 0% — 130 J.g1 [5]
Xc(%) 110 220 120 280 620 33.0 [6] ACy(Ty)

* AR = As Received ; CC = Cold Crystallized

X =
MAE ™ ACy 005 (Ty)

T 0.27J.K1g? (PEEK [7])
m i KXrar = 1= Xyar — Xc

r\ ( Rigid Amorphous

Fraction

« Three-Phases Model (3PM) » [6]

4 2
Crystalline area DSC - XMAFDMAF + XRAFDRAF

Ssc = XmarSmar + XrarSrar
= X
Rigid Amorphous \ PSC DSC SSC )
/ Fraction

—

Mobile Amorphous
Fraction

N\ UNIVERSITE
y J) TOULOUSE IlI

2/ PAuL SABATIER

[5] : Blundell et al. — Polymer, Vol. 24 - 1983
[6] : Sonchaeng et al. - Prog. Polym. Sci. Vol. 86 — 2018
[7] : B. Wunderlich - Pure Appl. Chem.. vol. 67 -1995
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Permeability vs. Crystallinity

Three-Phase Model (3PM)

ICCM 23
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"'ll
6002 7002 8002 ( Ahp, — Ahgg
Xe="an
PEKK 0
AR CC AR CC AR CC 100%
Xc(%) 110 220 120 280 620 33.0 CII Yoo ACy(Ty)
* AR = As Received ; CC = Cold Crystallized MAF — ACpO% (Tg)
> 0.384 J.KLg? (#PEEK [7])
T T(K _
(K) Xrar = 1= Xyar — X
140
Ty + 10K ., + Sltztzisooz
- 120 P\, O  PEKK6002
=} O PEKK7002
= 7 V= ¥ N YWs&., N e Linear Model
"‘E“ S 100
: S
5: 80
e
% 60_
323 K 2
2 4w}
20
dHm = f(dCp) identical for Same thermal behavior but
all 3 grades different permeation behavior % oms o1 om 2 o0 03 o035 os
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Change of heat capacity at Tg (J/g/K)

Prog. Polym. Sci. Vol. 86 - 2018 [7] : B. Wunderlich - Pure Appl. Chem.. vol. 67 -1995
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6002 7002 8002

Helium permeability curve as a function of

PEKK AR cC AR CC AR cC ) 1e—9 the crystallinity of different PEKK
S— Im 2.0 1 —— 3-phase model 6002
Xc(%) 110 220 120 28.0 6.20 33.0 n —— 3-phase model 7002
— 3-ph del 8002
MAF(%) 90.3 47.0 846 400 754 300 § 1.8 il
RAF(%) 860 310 142 320 184 37.0 o
* AR = As Received ; CC = Cold Crystallized IE 1.6
E 1.4 -
« Three-Phase Model (3PM) » [6] i '
4 ) =12+
Dsc = XmarDuar + XrarDrar ©
_ & i
Ssc = XmarSuar + XrarSrar = 1.0
(a
\PSC = Dgc X Ssc y € o84
>
2

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Crystallinity (%)
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[6] : Sonchaeng et al. - Prog. Polym. Sci. Vol. 86 — 2018
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Three-Phase Model (3PM) !
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- 1Y
o et
Evolution of the diffusion in ; oot
6002 7002 8002 the MAF and RAF of the different PEKK

2.5 mmm PEKK6002
PEKK i PEKK7002
AR CC AR CC AR CC | R0z
Xc (%) 110 220 120 280 620 330 5 L,
MAF(%) 903 47.0 846 40.0 754 30.0
RAF(%) 860 310 142 320 184 370 @
* AR = As Received ; CC = Cold Crystallized { 51
0.0 -
MAF

Possible explanations given in literature

-~

N
o

=
%)

=
o

Diffusion 10710 (m2/s)

o
w

Evolution of the solubility in
\ the MAF and RAF of the different PEKK

PRAF < PMAF [6]
PRAF = PmaF

s PEKK6002
[ PEKK7002
B PEKK8002

=
N
1

—
(=}

(o]

or

EVRar > FVyar

o /

Solubility (mol. m=3. MPa~1)
()]

MAF RAF

@U Mmé l‘ 6] : So%ng etal. - olym. Sci. Vol. 86 — 2018 |
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oF TN
. Helium permeability curve as a function of
Conclusions 1e—9 the crystallinity of different PEKK
/ \ [ ® PEKK6002
The crystallinity is effectively a key factor of gas permeability © PEKK7002
S gl Y PEKK8002
. . . ors o
Increasing PEKK crystallinity does not always decrease gas permeability \ .é, -
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