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A Kinetic Model for Predicting Polymeric
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Abstract Polymers are widely used in radioactive material transport/storage casks.
Their neutron shielding ability relies mostly on their concentrations in hydrogen
atoms which slow down neutrons. However, in-service high temperatures are
responsible for H abstraction decreasing polymers shielding capability. Therefore,
their long-term properties must be accurately predicted. In this regard, a multi-year
R&D program has been set up to elucidate oxidation mechanisms of neutron shield-
ing materials and develop a nonempirical lifetime prediction methodology. This
paper deals with accelerated aging tests and modeling of a vinylester based neutron
shielding product, commercially known as TN Vyal B™. Samples are exposed to
various temperatures up to 160 °C and O, partial pressure and analyzed using vari-
ous experimental techniques. Basically, thin free films are fully oxidized while thick
samples show the diffusion-limited oxidation (DLO): a superficial layer is oxidized
whereas the core is not affected. Therefore, to investigate the long-term properties,
it is obvious that DLO phenomenon must be taken into account by coupling both
oxidation kinetic and oxygen diffusion. In our case, there is a good agreement
between simulated weight losses and oxidation thicknesses. Based on degradation
assessment and design temperature of dry storage casks, TN Vyal B™ excellent
resistance can be confirmed.
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Introduction

Polymeric resins are widely used thanks to their versatility. In aeronautic
applications, they are chosen to replace metallic components for mass and cost
reduction. In automobile industry, they are nowadays present in numerous cars
components as well as paints. Other important applications for polymers are
offshore industry (boats shells), civil engineering (concretes, electrical cables
insulators...), to name a few.

In our case, the polymer resin based composite is used as a neutron shielding in
radioactive material transport/storage casks. Over service life of the casks, initial
properties of neutron shielding may fall due to thermal oxidation and neutron radia-
tion. To our knowledge, degradation of shielding polymers via neutron radiation is
insignificant. However, oxidation effects can be dramatic and irreversible, especially
for the very long-term service. Thermal oxidation reactions are associated with
crosslinking, chain scission, hydrogen atoms abstraction, leading to oxidation prod-
ucts buildup. These products are generally concentrated in a thin superficial layer.

Long-term properties are commonly assessed using an Arrhenius model.
However, controversies related to the use of these models have been reported [1, 2].
Gillen et al. [1] examined risks taken by considering the same activation energy (Ea)
for a great range of temperatures (even a narrow change in Ea affects extrapolated
predictions). Their work also shows another important mechanism that leads to a
non-Arrhenius behavior, involving diffusion-limited oxidation (DLO).

Recently, to simulate oxidation aging more confidently, new methodologies have
been derived [3-6]. In this paper, the time—temperature behavior will be clarified
using results obtained by optical microscopy and Micro-ATR analysis. Furthermore,
from Arrhenius limitations stated above, TN International has adopted a new and
accurate model for predicting its neutron shielding polymeric materials. The model
is derived from a mechanistic scheme [7] coupled with Fick 2nd law,
o0.] _ &*[0.]

ot oz’
to epoxies [3, 5, 6], bismaleimides [4], to name a few. The aim of this paper is to
demonstrate the robustness of this nonempirical model on a vinylester resin based
neutron shield, TN Vyal B™,

. The same approach has been previously developed and applied

Theoretical Calculations and Modeling

Our kinetic model methodology is based on a kinetic mechanism and O, diffusion
permeation parameters.

(a) Schematic mechanism

This mechanism is derived from scheme proposed by British scientists Bolland
and Gee [7]. It is possible to divide the scheme in three steps: initiation, propaga-
tion, and termination. Without getting into further details, the derivative scheme is
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described below. To our knowledge, unfortunately, no other nuclear actor has
implemented this methodology, even though, the neutron shielding materials are
required to last decades in service.

During the first step, initiation, hydroperoxides (POOH) are decomposed free
radicals (PO°, OH°, PO°, P°):

POOH — PO°+OH® (ii)
PO°+PH — POH +P° (iii)
OH°+PH —> H,0+P° (iv)

Radicals can reorganize with f-scission in either carbonylated (P=0) or alcoholic
(POH) products:

xPO°+x PH—xPOH+P° (J)
(1-x)P0° — (1-x)P=0+(1-x)P° (jj)
POOH+(1+x)PH—2P°+H,0+xPOH+(1-x)P=0  k, (1)

It is worth noting that a few of the products P=0O and POH are volatile and
together with water, they are responsible for oxidation-induced mass loss. They are
denoted by “V” in initiation reaction:

POOH+2PH—>2P°+H,0+"V k, Initiation (1)

The propagation step follows with two reactions taking place; the first reaction
consists in combination of O, and P° radicals yielding a new radical PO,°. While the
latter react with polymer to produce hydroperoxides and P° radicals. Propagation
reactions are given below:

P +0, >PO, Kk, Propagation (2)
PO, +PH — POOH +P k, Propagation (3)

Besides, free radicals could react with each other, yielding stable (inactive)
species. This process is known as termination:

P +P — inactive products k, Termination (4)
P +PO, — inactiveproducts ks Termination (5)

PO, +PO, — inactiveproducts+0O, k, Termination (6)
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From the chemical scheme detailed above, a system of differential equations can
be set to describe all species concentrations over aging time.

d[;] =2k [POOH] -k, [0, ][P°]+ k, [PH][PO, °] - 2k, [P°T &, [P°][PO, ] )

d[PO,°
% — 1,[0,][P°] -k, [PH][PO,°] - &, [P°][PO,°] - 24, [PO,%] (D)
@ - 1, [POOH] + k, [PH][PO,°] (1)
@ — —k,[PH][PO, °] - 2%, [POOH] av)
d[o, . &[o,
[dt I —k,02[P°]+ k, [PO,°T + D% V)

It should be emphasized that the final equation (Eq. V) is composed of two terms.
The first, —k,0, [P°]+ &, [Pozo]2 , corresponds to O, consumption and the second

2
6[02] =D 0 [022] , where D is O, diffusion and [O,] represents
ot oz
O, concentration in depth x.

[O,] values shift from equilibrium concentration (C,) on samples surface to nil in
the core. C, is given by Henry’s law: C, =So, X Po, , where S is O, solubility in the
polymer and p the O, partial pressure. Parameters D and S are obtained experimen-
tally by permeation tests. They are given in Table 4.1.

The set of differential equations written above were solved numerical by the
finite difference method of Runge—Kutta (Ode23tb of Matlab). Basically, a polymer
sample is discretized into N knots equally spaced with a distance Ax:

to Fick’s 2nd law,

Ax

3 i<

i
Eloon N

(Lines i=1 and i=N correspond to both surfaces of the sample).

Initial conditions(t = 0),1’ =1..., N;[PO]=O;[PO2 °]:0;[PH]:[PH]O;
[POOH]=[POOH],

Table 4.1 Oxyg.en T (°C) 120 140 160
parameters used in our model D 102 (m?s) 39 4.9 6.0
C, (atmospheric pressure) 3.5x10~* mol/l

C, (2% 10° Pa) 3.5% 10~ mol/l
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For each time t>0; i=1,..., N, the system of differential equations can be
rewritten as follow:

;i poom) ,  [17] + , [PH] [PO,7] 24, [ &[] [P0

i i

d|PO,°

clusy o li- kC, [P°], ~ K, [PH] [PO,°], ~;[P°] [PO,°], ~ 2k, [PO,°];
POOH

%i _ & [POOH] + k,[PH] [PO,°]

d[PH]

5 —k,[PH].[PO,°]. -2k [POOH],

The weight variation is calculated taking into account the reaction I (initiation)
that leads to water yield, volatile products, as well as O, grafting on polymer chains
during oxidation process:

1odm %o 18 dHO | M, V]

m, dt P, p, dt p, dt
mass uptake due O, mass loss : water and
uptake oxidation products

R(C)= kC[P’}-k[P0°)?

Experimental

Material

The material is a TN International patented polymer composite, TN Vyal B™, here
after referred to as a vinylester composite.

Its polymer matrix, vinylester resin, can be affected by long-term exposure in
severe conditions. Prior to aging tests, matrix films (30 pm <thickness <45 pm) and
composite thick samples (0.5 mm <thickness <2 mm) were cured at 80 °C for 12 h
and post-cured at 160 °C for 2—4 h. Following this process, the material’s cure is
enhanced and unreacted free species are eliminated.

Measurements

Samples were exposed between 120 and 160 °C in pure oxygen at partial pressure
of 2x10° Pa and atmospheric pressure. Then, various chemical, physical, and
mechanical characterizations were performed on the industrial neutron shielding
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(vinylester composite). To confirm or go further into understanding of observed
phenomena, specific and limited analyses were done on the vinylester matrix
free films.

(a)

(b)

(©)

Gravimetric analysis

Gravimetric analysis was carried out periodically over aging time using a bal-
ance with a relative accuracy of 10~*. Weight changes were calculated as
follows:

m (%) = =M 100 with m,, m, corresponding toinitial weight
m, o) m, and weight at aging time ¢, respectively.

Infrared Spectroscopy

Two methods of IR measurements were carried out. First of all, IR spectra were
collected in the region 4,000—400 cm™! directly on matrix free films (30—-40 pm
of thickness). The FTIR machine used was a Brucker IFS 28 Spectrometer.
Spectra were recorded in a transmission mode with an average of 32 scans.
To determine species concentration, C (expressed in mol/l),
Beer-Lambert law was applied:

A where 4isabsorbance and ¢ and molar absorptivity

c= ¢/ andsample s thickness respectively.

The second method was Micro-ATR Spectroscopy where a Spotlight 300
apparatus coupled with Spectrum 100 FTIR Spectrometer is used. With this
technique, IR spectra are recorded in the entire oxidized layer. Two of the peaks
which presented noticeable changes were particularly monitored:

— 1,727 cm™! which seemed to increase in absorbance during aging
— 1,145 cm™! which only appeared after samples exposure

Then, the obtained profiles were compared to the prediction.

Dynamic mechanical analysis (DMA)

This method provides a comprehensive understanding of material’s internal

molecular mobility, over aging time as well as structural changes. Plus, glass

temperature (7g) changes over aging time gives an interesting information on

residual crosslinking or even post-cure taking place due to aging processes.
Measurements were conducted on 2 mm thick samples using a NETZCH

DMA 242 instrument in a tensile mode. Measurements conditions are listed

below:

Temperature scans between 30 and 200 °C
Heating rate of 5 °C/min
Frequency of 1 Hz

As there’s no standard of determining 7g, its values can be monitored as an
offset of storage modulus, E’, or on maxima of loss modulus £” and loss tan-
gent, tand. In our case, Tg data were collected on E’.
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Results and Discussion

Identification of Structural Changes

Measurements on free films were carried out to assess changes in the vinylester
matrix network over time. Figure 4.1 displays the comparison between IR spectra of
a film at t, and after its exposure to 160 °C under 2 x 10° Pa for 645 h.

The main spectra modifications are given below:

 Slight decrease of C-H at 2,935 cm™' due to H abstraction during oxidation
process

* Significant increase in intensity of 1,725 cm™' peak due to “new” carbonyl groups
(C=0) build up

* Broadening of 1,244 cm™' peak (aromatic C-O) suggesting complex molecular
rearrangements

 The peak corresponding to C—O methacrylate at 1,180 cm™ shifts to lower wave-
length number (1,170 cm™)

As shown in Fig. 4.2a, carbonyl groups (C=0) buildup increases steadily until
over 650 h, then stabilizes with aging time. In addition, evolution of the new peak
that appeared at 1,170 cm™! after exposure is presented in Fig. 4.2b. It was quantified
by rationing its absorbance with the internal reference at 1,494 cm™ (related to sta-
ble aromatic C=C bonds). Its evolution displays a sharp increase after only 50 h
followed by a slight and progressive increase up to around 400 h. All of this IR
results suggest that oxidation is time-dependent process. They also reveal that C—-H
oxidation depends on its position in the polymer chain. Hence, C—H in a-position to
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Fig. 4.1 FTIR spectra of a vinylester free film: (a) before aging; (b) after exposure to 160 °C
under 2 x 10° Pa of O, for 648 h
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Fig. 4.2 Evidence of free films degradation: (a) carbonyl groups (C=0) buildup; (b) increase of
the peak at 1,170 cm™; (c) variation of films weight

oxygen (—CH,-O-) or tertiary (-CH,—~CH-CH3;) are oxidized quite rapidly, and,
consequently, concentration oxidation products also increase rapidly. That is what
is observed during the first hours of aging. Finally, relative stability observed after
650 h does not mean that oxidation has stopped. In fact, one could be aware that, at
this stage, there is a competition between oxidation and evaporation of a part of
volatile oxidation products.

By gravimetric analysis showed in Fig. 4.2¢, two steps are observed. The slight
mass uptake observed until 200 h indicate the grafting of oxygen atoms on polymer
chains during the second reaction of propagation. It is worth mentioning that this
step wasn’t observed for composite samples, probably due to early predominance of
evaporation (weight loss) over mass uptake. The sharp weight loss at higher dura-
tion indicates once again the evaporation of volatile oxidation products stated above.

In addition of FTIR and gravimetric analysis, structural changes were also evalu-
ated with DMA analysis performed on vinylester composite exposed to different
temperatures and O, partial pressure. The results are shown in Fig. 4.3.

Quite interestingly, the evolution of Tg seems to follow a “master curve” what-
ever the aging conditions. Tg quick increase is seen before 100 h where it reaches
roughly 150 °C. Then, Tg increases progressively to an “indefinite” value or 7goo
of 170 °C. This result is a good indication of a post-cure related to recombination of
radicals generated by oxidation. Meanwhile, over 1,200 h, Tg seems to decrease
slightly. Even if this decrease is less significant, an important question can be raised
here: are there any chain scission reactions that may lead to a drop of crosslinking
density at higher exposure durations?
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Fig. 4.3 The change in Tg of vinylester composite during its exposure to different temperatures
and O, pressure
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Fig. 4.4 Weight loss curve obtained for vinylester composite at 140 °C under 2x 10° Pa of O,:
experimental (0), model (—)

Weight Loss Modeling

The kinetic model was used to predict oxidation-induced weight loss for samples
exposed to different temperatures and oxygen pressure. For instance, in Fig. 4.4, a
quite acceptable agreement is shown for composite samples exposed to 140 °C and
2x10° Pa of O,.
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Fig. 4.5 Optical photography of a composite sample (thickness=2 mm) exposed to
160 °C/2x10° Pa of O, for 1,200 h

Oxidation Layers Profiling

As mentioned earlier, only superficial layer is affected by samples exposure to
oxidative environment. This phenomenon is qualitatively shown in Fig. 4.5 for sam-
ples aged at 160 °C/2x 10° Pa of O,. Degradation is symmetrical relative to the
center; therefore, only half the sample is shown.

By optical microscopy, color heterogeneities or gradient in sample thickness are
easily observed confirming the existence of diffusion-controlled oxidation. First of
all, from the sample’s edge, a layer of roughly 250 pm is browned (sub-layer 1) fol-
lowed by a yellowing of around 250 pm (sub-layer 2) while the core of the sample
has kept its original color. Therefore, based on this experimental technique, overall
oxidation layer can be estimated to extend to a depth of 500 pm.

On the other hand, using pATR, oxidation layers were also successfully
determined by measuring the concentration of oxidation products for all studied
aging conditions. They were compared to profile prediction.

Figure 4.6 displays a three-dimensional (3D) presentation of degradation using
our model. As expected, oxidation products buildup showed an exponential evolu-
tion with the higher concentration on sample’s edge decreasing continually to
the core.

Overall, the higher the aging temperature, the greater was the oxidation layer
thickness. For instance, in Fig. 4.7, oxidized layer profiles of samples aged sepa-
rately for around 1,200 h at 160 °C 2x 10° Pa of O, and atmospheric pressure are
presented. As can be seen, for the same aging temperature, oxidized thickness is
roughly doubled when the pressure is increased from atmospheric pressure to
2x10° Pa. Finally and most interestingly, it is clear that there’s a relative good
agreement between simulated and experimental profiles obtained by pATR.
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Fig. 4.6 3D presentation of predicted OL profile of TN Vyal B™ exposed at 160 °C/2x 10° Pa O,
for 1,200 h
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Conclusion

The material studied is a TN International vinylester based neutron shielding
product, commercially known as TN Vyal B™. The focus of our study was to inves-
tigate the material’s thermal degradation mechanism using accelerated aging tests
and to validate a nonempirical model for predicting long-term in-service properties.
Conclusions are the following:

* Aging leads to superficial oxidative layer buildup suggesting a DLO effect. IR
measurements show a slight decrease of C—H groups (hydrogen abstraction) fol-
lowed by an increase in carbonyl groups in the oxidized layer

» Exposure of free films to high temperatures and oxygen caused early mass uptake
(due to O, grafting on polymer chain) followed by a dramatic drop of mass (due
to volatile oxidation products). For composite, however, mass uptake is very
rapid and difficult to be monitored

 In the initial exposure time, 7g increases due to post-cure. At longer exposures,
Tg starts to decrease due to some polymer chain scission

* A good correlation of experimental and simulated data is obtained on weight
changes as well as oxidation profiles

* The new approach allows a great understanding of our neutron shielding long-
term performance
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