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Glass Transition
Temperature

200 — 400 °C (dry)
150 — 300 °C (wet)

Resin Viscosity
Suitable for
Filament
Winding / RTM

Compatible with
Thermoplastic
Tougheners and
Nanoscale
Reinforcements

Onset of Weight
Loss:

> 400 °C with High
Char Yield

Good Flame,
Smoke, &
Toxicity
Characteristics

Low Water Uptake
with Near Zero
Coefficient of
Hygroscopic
Expansion
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\ / Cyanate Esters Around the Solar
\«-»/ System

Our Solar System

« On Earth, cyanate ester / epoxy
blends have been qualified for
use in the toroidal field magnet
casings for the ITER
thermonuclear fusion.reactor §

composﬂes have
for use as
res aboard

Fusion reagtor, photo \
courtesy offGerritse

((Wikimedia ommons. " 4

solar panel

r composite tie layers

Images: courtesy NASA (public release)
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\/’ Importance of Moisture Uptake in
N/ . :
«¢» Composite Component Performance

* Water can add significantly to launch or
take-off weight (3% water in composite
resins = about 50 Ibs of extra weight on an
large SRM)

Photo by U.S. Navy photo by
Photographer’s Mate 1st
Class Anibal Rivera (public
domain).

* |tems with high water content can fail
catastrophically when suddenly heated

* Long-term exposure to water can facilitate
many mechanisms of chemical
degradation, necessitating substantial
“knock down” factors in design allowables

U.S. Navy photo by Photographer's Mate 3rd
Class Mark J. Rebilas (RELEASED)

KOOt

U.S. Navy photo by Mass Communication Specialist 3rd
Class Torrey W. Lee (public domain)

* Though more stable than epoxy resins,
cyanate esters can degrade on long-term
exposure to hot water
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Monomers

NCO I I OCN

LECy
Additives
|25 Sy

~ PEEK, 15wt% | |

Materials Utilized
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Mixture

OCN| OCN

>N

F

\ /"8
=

LECy/PT-30 (50/50 by weight) co-
cured networks were cured at
170, 190, 210, and 240 C for 8
hrs to achieve a variety of
conversion. Catalyst used was
160 ppm Cu as Cu-acac with 2
phr nonylphenol.

4-K Mica, 10 wt%
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Models for Network Initial States

[ ]
Qr
300- , . Random copolymer
- O isothermal cure at 200°C “ ” ——
250. O isothermal cure at 180°C 10 Of Ccu red and ﬁ
. / TT “uncured” segments. B /
= oo \ -
1504 \\
EJ / B \
;a, 100 A \\ . X:L%
50 { \ L~ i """
22U Tgﬂ )2/5 // "‘f \o B
0 l d._.ff /l J / l
o g
—504 oL [‘/
100 : : : : : , ~< )
0.0 0.2 0.4 0.6 0.8 1.0 A —

from X. Sheng, M. Akinc, and*M. R. Kessler, J. Therm.
Anal. Calorim. 2008, 93, 77-85 for EX-1510

DiBenedetto equation is just Gordon-
Taylor equation recast with 1-a = ¢,, A = k

Assumptions:
AH . =0; AS, =0, Av,, =0,
S continuous at T, dS/dP =0
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No volume change
on cure, SO a = P, req

Consequence
Initial state of network entirely
described by one parameter - a

N e
y & 9, J
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N7 Chemical Reaction Scheme

‘ __ 3B -2E+F / |
7 , '
W W W/ NI i
\\ A \ : +H0 Network
+H,0 ., E : Scission
C ‘ LN

\ T

\ E |

4 \G/:m -Cc[))2 \ \_{_}_c’ /l\

\ ) Carbamate ﬂ\ ‘ \
VO T X

Network states:

b -9 @cand ¢ related by stoichiometry
If networks are heated only to 350 °C, then only one of ¢, or ¢, may be non-zero.
Result: three parameters prior to heating: network conversion a’based on ¢ ,plus
¢-and ¢.. Two parameters after heating, ¢,and ¢..
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N7 Chemical Reaction Models
<

Carbamate formation Residual Cure
A C A B
Weight gain of 0.14¢, Heating to 350 °C dry will complete
Loss of AH,,,, Loss of FT-IR signal No weight change
at 2250 cm1, gain in FT-IR signal at Loss of AH_,., Loss of FT-IR signal
1700 cm™, no change in T4 at 2250 cm, increase in T
Carbamate decomposition Network Scission
CcC D 3B »2E+F
Heating to 350 °C will complete Weight gain of 0.14¢.
Weight loss of 0.34¢, No change in AH_,, only
No change in AH_,., Loss of FT-IR signal discernible readily via near-IR,
at 17000 cm, no change in T decrease in Tg
More details:

Other decomposition Davis, M. C.; Guenthner, A. J.; Sahagun, C. M.; Lamison, K. R.;

E G,B HAA I Reams, J. T.; Mabry, J. M. “Polymer 2013, 54, 6902-6909.
Assumed negligible below Marella, V. V.; Throckmorton, J. A.; Palmese, G. R. Polym.
350 °C Degrad. Stabil. 2014, 104, 104-111.
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N  Effective Conversion Reduction

-

Multi-Component Gordon-Taylor Equation: Assumes:

Same network
To=(Toa®at Kpa Toe Ot - * Kea Tor @ ) 1 (@t Kga @5+ ... + Kea @€ )| physics

: . : » . . . ; throughout
Can be simplified using an “effective conversion reduction factor” K hydro?ysis; dc

yo_ and ¢.
A= Ao — KPF ’

are correlated

To=Tgp+ (Tgu-Tgp) Ay [ [1—(1-A) a’] (just the diBenedetto equation)

Test 1: Use K

250 o Effective Conversion _ Test 1 Use K
from — 002, Loss Model / _
(Test ¢4,|:) o 200 —REEEEs Multi-Component Tg n"’ﬁ from gFQS 0 02

b= a’,=0. ,
extrapolate to s : e ¢CO / ¢ = 0.5:
¢ = 0.2 with & e extrapolate to
go/=¢0-§ ?I_ﬂd R ¢ =0.1. Max
C'¥F™ D error 1 °C
Max error 8 OC 00.4 0.5 0.6 0.7 0.8 0.9 1

Effective Conversion

Test Parameters; kgy = 0.4; T =300 °C; kgp=1.2; T =0 °C; kpp=0.9; Tgp =-30 °C; kga = 0.6; Tge = 100 °C;
kFA = 08, TGF = '20 OC; !

13\ j—

.-:nu
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N7 Analysis Procedure
<

Assumes diBenedetto parameters are known

Expose samples to
Cure sample water at 85 °C

Measure dry weight Measure wet weight Measure weight

Dry sample

Measure dry T, Measure wet T
Heat sample to

350°C
Heat sample to Heat sample to

350°C 350°C :
Measure weight

Measure dry Tg., Measure wet T,

FT-IR may be added for verification if Final “wet and dried” weights
possible. Dry sample glass transition best if | determine — ¢, ¢-. T;. data
measured by DSC; wet glass transition best cross-checks other degradation.
if measured by TMA

aglioTY
%@Jﬁ
= L i
ﬂljﬁrm q
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Moisture Uptake (wt%, dry basis)

o
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Moisture Uptake (wt%, dry basis)

\
\

[=]

7

4
g

PT-3042.5/LECy 42.5/ PEEK 15

50

PT-30 50/ LECy 50

L L
DIS 181
L LN

il

100 150 200 250
Exposure Time (hours)

Conversion
@®0.833 @0.867 @0.876

L
e 1
M

100 150 200 250
Exposure Time (hours)

Conversion
¢0.875 @0.947 #0883

300

0.958

300

0.939

[ ]

350

L L]

350

400

400
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Weight Gain After Water Exposure
(No Drying)

PT-3045/LECy 45/4-K10

Moisture Uptake (wt%, dry basis)

Moisture Uptake (wt%, dry basis)

50

50

I
I8 181

1@

100 150 200 250
Exposure Time (hours)

Conversion
®0.846 #0912 @0.864

[
. 19
OB 1@

100 150 200 250
Exposure Time (hours)

Conversion
®0827 #0866 0.898

Slow hydrolysis evident; conversion dependence as expected
PEEK reduces water uptake as expected
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PT-3045/ LECy 45/ Sz 325-S 10

¢
300 350
0.932
F
@
300 350

0.956

400

400
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PT-3050/ LECy 50

;

|
50 100 150 200 250 300

Exposure Time (hours)

Conversion
®0.833 e0.867 0.87¢e 0.959

— b
cti
(=]
(=]
w

PT-30 42.5/LECy 42.5/ PEEK 15

0.1

0098
8 0.08
2007
S 006
£0.05
5004
= 0.03
© 0.02

— e 0

o

50 100 150 200 250 300
Exposure Time (hours)

Conversion
®0.875 @0.947 0.883 0.939

Hydrolysis Extent After Water
Exposure

[T
0.01
ol

PT-3045/LECy 45/4-K10

Wt

;%

50 100 150 200 250
Exposure Time (hours)

Conversion
®084c 0.912 0.864 0.939

PT-3045/ LECy 45/ 8z 325-S 10

50 100 150 200 250
Exposure Time (hours)

Conversion
®0.827 @0.866 0.898 0.955

Data from samples exposed and dried with mild heating; slight correlation with
conversion; additives show little effect so far
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PT-30 50/ LECy 50

&

w

Reversible Uptake

(mmol water/ cc CE)
N
o =0 N OWO OO

o

0 50 100 150
Exposure Time (hours)

Conversion

©0.833 #0.867 #0.876 ©0.959

PT-3042.5/LECy 42.5/PEEK 15

5
45
L
20 ¢4
£832
o~ 3
o F -
S¢S 3 .
oz : $
o
Eos
0
0 50 100 150

Exposure Time (hours)
Conversion

©0.875 #0947 #0.883 #0.939

200

200
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Estimated Water Concentration

PT-3045/LECy 45/4-K10

=

w

5

Reversible Uptake

(mmol water/ cc CE)
[\
[ & BT & T N T T O ) R LS

o

¢

50 100 150
Exposure Time (hours)

o

Conversion

©0.846 #0.912 #0.864 ©0.939

PT-3045/ LECy 45/ Sz 325-S 10

Reversible Uptake
{mmol water/ cc CE)
o =~ N ow A
o =2 MN WO RN ON
H

o

50 100 150
Exposure Time (hours)

Conversion

©0.827 #0.866 #0.898 ©0.956

HIBH HEH

200

200

Mica appears to add water and inhibit diffusion. Diffusion appears to be faster at

higher conversions.
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§,{ Preliminary Kinetic Data
<

1.4E-07
1.2E-07
1.0E-07
8.0E-08
6.0E-08
4.0E-08
2.0E-08

0.0E+00
0.8 0.85 0.9 0.95 1

Network Conversion

®PT-3045/LECy 45/52 325-5 10 mPT-3045/LECy 45/4-K 10

Psuedo-first order Rate (/s)

XPT-30425/LECy 425/ PEEK 15 APT-3050/LECy 50

Conversions are from DSC only and are preliminary
Rate constant is for all hydrolysis reactions — includes carbamate formation and
network scission
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Glass Transition Temperature

D
\ 4
PT-30 50/ LECy 50 PT-3045/LECy 45/ 4-K 10
350 350
®0.833 ®0.846
300 [ ® 0867 300 & ®0912
F ® 0.876 I- i ® 0.364
=250 & ¢ I ~ 250 @ + s
O & + ) - L 0.959 o & L - 0.939
= ’ & o x
200 g 4 $ % ¢ 3 . K 200 ! ? -2 $ s )
? £ H
150 ; 150 2
100 100
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Exposure Time (hrs) Exposure Time (hrs)
PT-3042.5/LECy 42.5/ PEEK 15 PT-3045/ LECy 45/ Sz 325-S 10
350 350
®0.875 ®0.3827
300 I ® 0.947 300 & ® 0.866
r " ® 0.883 ® 0.898
-~ & I =
8 = i . - - = 0939 o 0 8 s = T 5 0956
K 200 2 e 2 % K200 T = ? @ >
pi 4 & :
150 1 150 §
100 100
0 100 200 300 400 500 800 700 0 100 200 300 400 500 600 700

Exposure Time (hrs)

Exposure Time (hrs)

DSC data for dry samples is shown as open symbols; in-situ cure affects results at

early times, even after exposure, proving —OCN groups are still present
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The relative simplicity of the chemical structure of polycyanurate
networks, in combination with ease of analysis, allows for quantitative
modeling of hydrolytic degradation. These models link chemical
structure, physical properties, and environmental conditions, while
allowing for validation.

Hydrolytic degradation processes have been quantified for
Cu/nonylphenol-catalyzed, co-cured LECy/PT-30 networks, with and
without additives for toughening, under exposure to hot water. The
effects of conversion have been examined.

Preliminary data shows rates of hydrolysis that are lower than for PT-30
alone. Overall hydrolysis rates appear to be slightly higher at higher
conversions, suggesting that carbamate formation is not responsible for
a large portion of weight gain.

Glass transition temperatures decrease gradually as expected.
Determination of the effective network conversion reduction parameter
requires further work to distinguish carbamate formation from network
scission.
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