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ABSTRACT: In this study, we compare the aging behaviors of cross-linked ethylene/vinyl acetate/vinyl alcohol terpolymers, also

referred to as EVA-OH, when they are either immersed in nitroplasticizer (NP) liquid or exposed to NP vapor at different tempera-

tures. While thermogravimetric analysis and differential scanning calorimetry are used to probe the thermal stability of aged NP and

polymers, Fourier transform infrared, gel permeation chromatography, ultra-violet/vis, and nuclear magnetic resonance are used to

probe their structural changes over the aging process. The study confirms that NP degrades through CAN cleavage, and releases

HONO molecules at a slightly elevated temperature (<75�C). As these molecules accumulate in the vapor phase, they react among

themselves to create an acidic environment. Therefore, these chemical constituents in the NP vapor significantly accelerate the hydro-

lysis of EVA-OH polymer. When the hydrolysis occurs in both vinyl acetate and urethane groups and the scission at the cross-linker

progresses, EVA-OH becomes vulnerable to further degradation in the NP vapor environment. Through the comprehensive character-

ization, the possible degradation mechanisms of the terpolymers are proposed. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132,

41450.
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INTRODUCTION

In early 2000, a significant amount of effort had been devoted

to the degradation study of poly(ester urethane) (referred to as

Estane) in a plastic-bonded explosive formulation (e.g. PBX

9501). Many researchers from different DOE facilities (e.g.

LANL, SNL, Pantex, and Kansas City Plant) became involved in

this effort.1–7 The important factors to trigger the Estane degra-

dation in the PBX 9501 formula are the presence of moisture

and the degradation of nitroplasticizer (NP). NP is an eutectic

mixture of bis(2,2-dinitropropyl) acetal (BDNPA) and bis(2,2-

dinitropropyl) formal (BDNPF) (50%/50%). Their molecular

structures are illustrated in Figure 1. It has been reported that

NP undergoes different decomposition pathways when it is ther-

mally treated at low temperature (e.g. 60–75�C)3 and at high

temperature (>160�C), respectively.4 Instead of forming radicals

and NO2 as occurs at the high temperature condition, a non-

radical reaction generates HONO with a low activation energy

at the low temperature condition. From their model com-

pounds, Pauler et al. calculated the activation energy of the

HONO formation to be <42 kJ/mol. In reality, the activation

energy of the NP degradation in a constituent aging study

(CAS) was found to be as low as 28 kJ/mol, which suggests that

the reactivity of NP can be much higher when it is embedded

in a highly heterogeneous matrix with the presence of moisture

and other impurities.3,5,7 It is well known that moisture causes

the hydrolysis of the ester group in Estane, and results in chain

scission and low molecular weight (Mw) materials.8 However,

due to the thermal degradation of NP, the surrounding environ-

ment of Estane becomes acidic, which greatly accelerates the

hydrolysis and even the oxidative degradation of Estane.1,2,6

Recently, we started the investigation of aging behavior of ethyl-

ene/vinyl acetate/vinyl alcohol terpolymer, referred to as EVA-

OH [or as vinyl copolymer elastomer (VCE)], which is also

used as a binder in filled materials.9–11 Often, a cross-linked (X-

linked or cured) form is used to improve its chemical stability

and will be studied here.12,13 When stored in application sys-

tems, it has been reported that EVA-OH slowly uptakes NP

from the surroundings.14–16 Therefore, this material is essen-

tially exposed to similar conditions as Estane. Figure 2 illustrates

the molecular structures of EVA-OH and Estane that have the

same functional groups, but different chain conformations.

Therefore, it is reasonable to predict that the degradation mech-

anisms occurring in Estane will happen to EVA-OH as well.

Now, the question arises as to why Estane is unstable, but the
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aging of EVA-OH at low temperature (<75�C) is rarely

reported.11 The different stabilities of these two polymers ought

to be directly related to how they have been used. In Table I,

we compare their application conditions. When Estane is used

as a binder in the PBX 9501 formula, it is mixed together with

95 wt % HMX and 2.5 wt % NP. The polymer concentration is

Figure 1. The molecular structures of BDNPA and BDNPF. NP is an eutectic mixture of these two components (50%/50% mixture). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. The molecular structures of Estane, cured EVA-OH, EVA-OH, and EVA (functional groups in which the degradation likely occur are indicated).

The cured EVA-OH is used in this study. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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as low as 2.5 wt %. The large interfacial area between Estane

and HMX particles significantly enhances the kinetics of the

interaction between polymer and other molecules in the for-

mula.7 Further, NP and/or moisture are readily available inside

the PBX 9501 formula, and thus the aging process starts at the

beginning of the Estane application. On the contrary, when

EVA-OH is used as a binder in the filled composites, it is used

in the X-linked form, and its concentration is higher. Although

there is some interfacial area between EVA-OH and filler par-

ticles, this area is less than that in the PBX 9501 formula. Fur-

thermore, NP and/or moisture are initially not present in the

composite. From the previous studies, we confirm that it will

take at least a few years for NP to migrate into the EVA-OH

domain. Therefore, all of these factors significantly reduce the

degradation rate of the EVA-OH in its application, and result

in a long time delay to observe the aging signs of EVA-OH.

Furthermore, due to their different chain conformations, the

hydrolysis in Estane results in the chain scission in the back-

bone, which causes the low MW materials and poor mechani-

cal integrity.17 On the contrary, the same hydrolysis in EVA-

OH mainly causes the scission in ACOA of vinyl acetate

(VAc) and urethane groups in the X-linker, which does not

break the backbone of EVA-OH. Therefore, at least at the early

stage, the impact of the EVA-OH degradation on the MW is

not as significant as that on Estane. However, once the X-

linker is broken down, uncured EVA-OH will become more

vulnerable to further degradation. For the oxidative degrada-

tion, compared to Estane, the EVA-OH/filler composite has a

disadvantage because it lacks an anti-oxidant (e.g. Irganox) in

the matrix. Hence, in addition to the hydrolysis, the oxidants

(NOx) and water generated from the NP degradation will read-

ily attack EVA-OH.

For the clarity of our discussion, in Figure 2, we also include

the molecular structure of uncured EVA-OH and EVA (the

copolymer of ethylene and VAc). Clearly, the main structure of

uncured EVA-OH is almost the same as that of EVA. The ther-

mal aging of EVA at the high temperature (>200�C) has been

well studied.11,18–24 Researchers concluded that the deacetyla-

tion typically occurs at the first degradation and results in the

loss of acetic acid and unsaturated materials. However, in this

study, we will focus on the aging behavior of EVA-OH at low

temperature (<75�C), but with the presence of NP and filler

particles. When NP migrates into the EVA-OH domain, we are

not sure whether NP molecules transfer into the EVA-OH

matrix in its liquid and/or vapor phases. However, it is

expected that the NP vapor pressure will build up to establish

equilibrium with its liquid phase. Therefore, it is important to

understand how EVA-OH interacts with NP liquid and vapor,

respectively. In the previous study, we have demonstrated that

the heterogeneity of the EVA-OH/filler composites significantly

changes the NP transport properties and we expect a great

impact in the aging behavior of EVA-OH.16 Here, we will use

20% EVA-OH/filler composites as a model compound to con-

duct the aging study.

EXPERIMENTAL

EVA-OH Sample Preparation

The EVA-OH composites were prepared at Honeywell’s Kansas

City Plant. The manufacturing process involves the controlled

hydrolysis of EVA to give the ethylene/vinyl acetate/vinyl alcohol

terpolymer (uncured EVA-OH). The uncured EVA-OH and cur-

ing agent diphenyl-4,40-methylenebis(phenylcarbamate) (Hylene

MP) are compounded together to form the cross-linked form,

as illustrated in Figure 2. The approximate fractions of the three

segments in the cured EVA-OH (herein simply called EVA-OH)

are given in Figure 2. EVA-OH. For the filled EVA-OH, filler

particles are added during the compounding process. The filled

EVA-OH elastomer is referred to as the EVA-OH composite. NP

is obtained from Pantex. More description about these materials

can be found elsewhere.11,13,16,25

Six sets of the EVA-OH composites were kept in three contain-

ers, which were aged at room temperature (RT), 50, and 75�C,

respectively. Two sets of the EVA-OH samples were kept in the

same container in which one set was immersed inside NP liquid

and the other set was kept in the headspace and exposed to NP

vapor. Both liquid immersed and vapor exposed samples were

periodically removed from the container for the thermal and

chemical characterization. Due to the sample removal, and on-

going characterization of the NP liquid and aged EVA-OH sam-

ples, we opened the containers from time to time. Therefore, a

headspace analysis was not designed in this study. Before the

aging experiments, the containers were purged with nitrogen.

The sample removal was conducted inside the nitrogen glove

box to minimize the oxygen exposure, and was conducted in

the way to minimize the operation time.

Thermal Analysis

Thermal Instruments Q500 Thermogravimetric Analyzer (TGA)

was used to analyze the thermal stability of NP and EVA-OH

samples. The samples, with a size of �25 mg, were heated

from ambient temperature to 600�C at 10�C/min with a nitro-

gen purge (10 mL/min). Platinum pans were used in the TGA

measurement. DSC, with a sample size of �25 mg, was carried

out using a TA Instruments Q2000 Modulated Differential

Scanning Calorimeter from 285 to 140�C at 10�C/min heating

rate. The temperature was controlled using a refrigerated cool-

ing accessory (RCA90). The flow rate of nitrogen purge was

50 mL/min. The samples were encapsulated in aluminum

Tzero
VR

pans. The instrument was calibrated with indium and

sapphire standards.

Table I. Comparison of the Usage and Exposure Environment of Estane

and EVA-OH in Application Systems

Estane Cured EVA-OH

Conc. (%) 2.5 >10

Exposed to NP, moisture NP, moisture

Temperature (�C) <40 >40

NP and moisture source direct indirect

Anti-oxidant Irganox No

Aging problem Yes No report

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4145041450 (3 of 17)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Fourier Transform Infrared (FTIR) Spectroscopy

FTIR absorption data were obtained with a Nicolet 6700 FTIR

bench operating in Attenuated Total Reflectance (ATR) mode.

Data were collected using a Spectra-Tech Thunderdome ATR

accessory equipped with a germanium crystal. All data were

taken with a resolution of 4 cm21, and represent the average of

120 scans.

Gel Permeation Chromatography (GPC)

Two GPC systems were used. Agilent PL GPC-220 consists of a

differential refractive index (DRI) detector and Agilent PLeg

Mixed C and Mixed D columns (7.0 3 300 mm–diameter 3

length). The injection volume was 100 lL with a flow rate of

1.0 mL/min. Polymer MWs were calculated based on the DRI

signal against polystyrene standards (Agilent, EasiCal PS2AB).

Agilent Cirrus software was used to reduce the data. Waters

GPC consists of an Alliance 2690 pump, a Waters 996

photodiode array (PDA) detector, and Agilent PLeg mini-

Mixed C and Mixed D columns (3.6 3 250 mm). The

injection volume was 50 lL, and the effluent flow rate was

0.3 mL/min. The Waters GPC was mainly used to retrieve the

UV/vis spectra of the eluded fragments of aged samples. The

columns in both systems were heated to 40�C. The EVA-OH

samples were prepared based on the polymer concentration of

1 mg/mL in anhydride THF (Aldrich, HPLC grade containing

a 250 ppm of BHT). The liquid NP solution was made at

�1 mg/mL. All solutions were kept at 50�C for overnight. The

solutions were filtered through a 0.45 lm Teflon filter prior to

injection.

13C Nuclear Magnetic Resonance (NMR)

Solid-State 13C Magic Angle Spinning Nuclear Magnetic Reso-

nance Spectroscopy (MAS NMR) was obtained in a Bruker 400

MHz spectrometer operating at 100.62 MHz. A 4 mm MAS

probe was used. Spectra were obtained using direct detection

with a pulse of 4.0 micro-sec and a delay time of 20 sec and

about 10K scans. Tetramethylsilane (TMS) was the external

reference.

RESULTS AND DISCUSSION

Physical Appearance of Aged EVA-OH Samples

Figure 3 presents the photos of the EVA-OH samples exposed

to NP vapor at 75�C for 9 months. After aging, the samples

exposed to the NP vapor (referred to as the vapor sample) are

completely deformed. The sample surface fills with bubbles,

which indicates outgassing during the degradation process. The

polymer becomes saggy and completely loses its mechanical

integrity. On the contrary, the sample immersed inside the NP

liquid (referred to as the liquid sample), as blue arrows pointed

in Figure 3, preserved its physical appearance well. The results

suggest that although both sets of samples were thermally aged

at the same temperature and for the same period of time, they

degraded very differently.

NP Uptake in the EVA-OH Composites

In Figure 4, we compare the isotherms of NP uptake as a function

of time when the EVA-OH composites were exposed to NP liquid

and vapor, respectively. As expected, the liquid samples uptake

NP at a much faster rate than the vapor samples. At RT, the NP

isotherm of the liquid sample needs more than 9 months to reach

a plateau. At 75�C, the NP isotherm reaches a plateau within a

couple of days, holds a constant mass for more than 3 months,

and then starts to increase again. This extra weight gain may be

an indication of the degradation of NP and/or EVA-OH. The iso-

therm at 50�C sits between RT and 75�C isotherms. Since this

temperature is very close to the softening/melting point (Tm) of

the VAc segment in EVA-OH, the prolonged heating not only

gradually changes the morphology of the composites and enhan-

ces the mobility of the polymer, but also increases the mobility of

NP. Therefore, the NP uptake increases. Eventually, the prolonged

heating may also trigger the degradation of NP and thus the pos-

sible degradation of EVA-OH. All of these factors complicate the

Figure 3. Illustration of the physical appearance of the EVA-OH composites exposed to NP vapor at 75�C for 9 months. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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50�C isotherm. As a result, its isotherm does not reach a plateau

over the 9 month heating course.

On the other hand, the vapor samples uptake NP at very differ-

ent rates, which highly depend on the temperature. At RT, due

to the low vapor pressure of NP,4 the vapor sample only gains

<2 wt % after the 9 month exposure. The 50�C exposure

slightly increases the rate of NP uptake. The 75�C exposure

greatly accelerates the rate of NP uptake because of the largely

increased vapor pressure of NP,4 which allows a higher NP con-

centration gradient to build around the EVA-OH samples. The

high temperature also softens the polymer matrix. Both factors

enhance the mobility of NP molecules inside the EVA-OH com-

posites, and increase the NP diffusion process. At 75�C, the NP

uptake greatly increases within the first 2 months and then

slows down. The slow weight gain at the later portion of the

isotherm may be attributed to the degradation of NP and EVA-

OH, and is the combination of out-gassing together with NP

uptake. After 9 months, the vapor samples were firmly stuck to

their stainless steel mesh supports, and were impossible to

remove for an accurate weight measurement.

EVA-OH Aged Inside the NP Liquid

Thermal Analysis. Figure 5 presents the TGA results of the

EVA-OH composites before and after the NP immersion at dif-

ferent temperatures for 9 months. Typically, the pristine EVA-

OH has two peaks on the 1st derivative of weight loss with

respect to temperature (referred to as DTEVA-OH), which are

related to the polymer thermal decomposition. The first peak

(347.3�C) is associated with the decomposition of VAc group

along the backbone to form acetic acid, while the second peak

(461.4�C) is due to the thermal decomposition of all hydrocar-

bon functional groups in the polymer.11,26

When EVA-OH is immersed inside the liquid NP at RT, NP

molecules slowly diffuse into the EVA-OH matrix, but do not

noticeably change these two DTEVA-OHs of the polymer. On the

other hand, as discussed below, the 1st derivative of the weight

loss of NP against temperature (DTNP) in the range of 30–

270�C changes appreciably. NP is an eutectic mixture of

BDNPA and BDNPF (50%/50%). Both compounds by them-

selves are solid at the ambient conditions. Their TGA results, in

Figure 6, show that the DTs of BDNPA and BDNPF are 239.3

and 246.9�C, respectively. However, NP—the 50%/50% mixture

of BDNPA and BDNPF, is a liquid at the ambient conditions

with a melting point of 215�C,27,28 and only gives one DTNP at

Figure 4. The comparison of the NP uptake by the EVA-OH composites

at different temperatures and times when the samples were immersed in

the NP liquid and exposed to the NP vapor (after 9 month exposure, we

were not able to detach the 75�C samples from substrate without substan-

tially losing some sample mass, as illustrated in Figure 3) (NP uptake is

calculated based on the pristine sample weight). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. TGA results of the EVA-OH/filler/NP composites before and after the NP immersion for 9 months at different temperatures. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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245.1�C. However, when the NP molecules diffuse inside the

EVA-OH/filler matrix (w/o aging), its DTNP decreases to

202.5�C, as shown in Figure 5. This large decrease in DTNP

(>35�C) suggests that the interaction between NP and EVA-OH

is weaker than that among NP molecules.16 The composite

matrix provides effective diffusion channels and allows the NP

liquid to evaporate from the matrix at a faster rate compared to

the evaporation from free NP liquid. As the immersion extends

to 9 months at RT, the NP uptake in the EVA-OH composites

increases from 8.04 to 9.08 wt %. Simultaneously, the DTNP

increases to 224.5�C (as shown in Figure 5), but also includes a

shoulder on the low temperature side. We believe that as the

diffusion reaches an equilibrium stage, the interaction among

NP and EVA-OH molecules adopts the lowest energetic state. In

addition to some free NP accumulated in the voids in the EVA-

OH matrix,16 multiple layers of NP may cover the sorption

sites. Both factors allow NP to evaporate and decompose in a

way that more resembles the free NP liquid. On the other hand,

this deformed DTNP, a peak with a shoulder, suggests that the

two components in the NP mixture (BDNPA and BDNPF)

might interact with EVA-OH differently. The difference between

BDNPA and BDNPF might come from their steric structures.

Without an extra methyl group, BDNPF might have better flexi-

bility to access into the polymer domain whereas BDNPA may

have a weaker interaction with EVA-OH, giving the low temper-

ature shoulder.

For the 50�C sample, except for the increased NP uptake, its

TGA result is similar to the RT sample. However, as the immer-

sion temperature increases to 75�C, the shoulder in the DTNP

curve develops to a separate peak at �200�C, and the original

peak at 224.5�C shifts to a higher temperature of 231.3�C.

These results might indicate that the different affinity between

BDNPA and BDNPF toward EVA-OH becomes even more pro-

nounced. Since BDNPA has a higher vapor pressure at the tem-

perature >56�C,4 the low temperature DTNP (�200�C) is most

likely associated with BDNPA whereas the high temperature

DTNP (�224.5�C) might be associated to BDNPF.

In Table II, we summarize the weight loss of the samples at dif-

ferent temperature ranges, composition of EVA-OH in its com-

posites, and estimated VAc content in EVA-OH. For the pristine

EVA-OH, the weight loss below 277�C (the 1st weight loss) is

Figure 6. TGA results of NP mixture, BDNPA, and BDNPF. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Summary of Weight Loss at Different Temperature Ranges for the EVA-OH Composites Before and After the NP Liquid Immersion at Different

Times and Temperatures

Wt loss (%) at different temp. ranges
Polymera

(wt %) VAc (%)aSample 1st <277�C 2nd 277–390�C 3rd 390–500�C

Pristine 0.79 5.79 13.55 20.4 41.1

RT (w/o aging) 8.04 5.04 12.42 19.5 41.2

RT (9 months) 9.08 5.40 13.17 19.7 43.1

50�C (9 months) 9.94 5.39 12.97 19.0 45.1

75�C (9 months) 12.38 5.01 12.19 17.8 46.1

a We assume that the weight loss of the sample between 277 and 500�C is due to the polymer decomposition. With this assumption, we calculate the
polymer weight (wt %) in the sample. The content of VAc in the EVA-OH polymer is calculated based on the weight loss between 277 and 390�C.
The same methodology is applied for the NP vapor exposed samples.
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minimal, and corresponds to a trace amount of un-reacted X-

linker and impurities. The weight loss between 277 and 390�C
(the 2nd weight loss) is associated with the thermolysis of the

VAc segment, which releases acetic acid. Based on the MW ratio

of acetic acid (60.05 g/mol) to the monomer of VAc (86.09 g/

mol), we estimate a content of 41.1% of VAc in the EVA-OH

polymer. The results are similar to the literature values.11 At RT,

the saturation of NP in the EVA-OH composite usually takes a

couple of months. We treat this kind of sample as an “non-

aged”. Its 1st weight loss is associated with the NP evaporation/

decomposition, and typically <8.5 wt % for the 20% EVA-OH/

filler composite.16 The short term NP immersion does not

noticeably change their TGA results. After the 9 month

immersion, the NP uptake reaches its saturation with the

slightly increased 1st weight loss of 9.08%. The VAc content in

the 9 month aged sample (43.1%) is slightly higher than that in

the pristine (41.1%), and non-aged EVA-OH/NP (41.2%) sam-

ples. This may be due to the more thorough extraction of un-

reacted X-linker and impurity from the polymer matrix, which

reduces the total polymer weight and accordingly gives a slightly

increased VAc content. As the temperature increases from RT to

50�C, the 1st weight loss of the aged sample increases from

9.08% to 9.94%, which is mainly due to the increased NP

uptake, compared to the RT sample. The polymer concentration

is similar to the RT samples with a slightly increased VAc con-

tent, which might be due to the further extraction of un-reacted

X-linker and/or the possible polymer degradation. After aging

at 75�C for 9 months, the 1st weight loss further increases to

12.4%. Accordingly, the VAc content in the polymer increases to

46.1%. The large changes in the TGA results indicate some deg-

radation of NP and/or EVA-OH, which will be verified in the

later sections.

Figure 7 presents the TGA results of the NP before and after

the EVA-OH immersion. The used NP at the RT immersion

gives an almost identical TGA result (not shown) as the pristine

NP does. After being used for the EVA-OH immersion at 50�C
for 9 months, the DTNP of this used NP slightly decreases from

245.1 to 237.0�C, which suggests that the prolonged heating at

50�C slightly decreases the NP stability. As the temperature

increases to 75�C, the DTNP further decreases to 225.7�C, which

confirms the significant degradation of NP. Simultaneously, a

broad peak is detected between 40 and 160�C with a peak at

133.3�C, which might be associated with the dissolution of the

fragments extracted from the degraded materials.

For the same set of EVA-OH/NP samples, we conducted the

DSC analysis and summarized the results in Table III. Since the

pristine EVA-OH consists of �56% ethylene, �41% VAc, and

<2.0% VA, its thermal properties is dominated by the first two

of these components. The glass transition temperature (Tg) of

polyethylene (PE) ranges from 2120 to 225�C (depending on

its density) while the Tg of polyvinylacetate (PVAc) is

�30�C.26,29 Here, the Tg of pristine EVA-OH is � 235�C. Typi-

cally, EVA-OH softens as the temperature rises above room tem-

perature, and starts to melt at 54.6�C, which is much lower

than the melting point (Tm) of PE (between 95 and 140�C).

This Tm may be due to the melting of VAc segments in the

EVA-OH with some influence of its Tg.
13 Correspondingly, the

heat of fusion of this peak is 13.46 J/g (calculated based on the

polymer weight) for the pristine EVA-OH composite. The 9

months aging at RT slightly decreases both Tg and Tm of the

sample. Accordingly, the heat of fusion decreases from 13.47 to

11.93 J/g. Due to the affinity between NP and EVA-OH, NP

acts as a plasticize of polymer. Since the plasticization mainly

takes place in the amorphous phase of polymer, which causes

the characteristic effect of lowing the Tg. However, the effect of

a plasticizer on the crystallinity of a polymer is complicated.

The crystallinity of the polymer can be increased or decreased

by the plasticizer depending on many factors, such as interac-

tion strength (chemical vs. physical) between plasticizer and

polymer, temperature difference between experimental condi-

tions and melting point of polymer, heterogeneity of the sam-

ples and so forth.30 Since the liquid immersion EVA-OH sample

here was fully saturated with NP, the NP concentration in poly-

mer domain is more than 40%. As the polymer chains become

more solvated after a long time interaction, the physical interac-

tion between NP and EVA-OH may disrupt the physical interac-

tion between polymer chains and slightly decrease its

crystallinity. It is a most likely case for the RT samples because

the chemical characterizations do not suggest appreciable degra-

dation of the polymer (see later sections). As temperature

increases to 50�C, the further decreased Tg and heat of fusion

Figure 7. The TGA results of liquid NP before and after EVA-OH immer-

sion at different temperatures for 9 months. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Table III. Summary of the Tg, Tm, and Heat of Fusion of the EVA-OH

Samples Before and After the NP Liquid Immersion at Different Tempera-

tures for 9 Months

Sample Tg (�C) Tm (�C) H (J/g—polymer)a

Pristine 235 54.6 13.47

RT (9 months) 236 52.7 11.93

50�C (9 months) 237 53.9 9.28

75�C (9 months) 239 47.8 5.73

a The polymer weight in the composites is estimated based on the TGA
results. The heat of fusion is calculated base on the polymer weight.
Here, we only use this value for the comparison purpose, but not use for
the crystallinity calculation. The same methodology is applied for the NP
vapor exposed samples.
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of the aged sample may be also due to the polymer degradation

in addition to the NP plasticization. As the temperature further

increases to 75�C, the Tg, Tm, and heat of fusion for the aged

sample significantly decrease. Similar to the TGA results, these

large changes indicate noticeable degradation of polymer, such

as chain scission.

Structural Characterization. Figure 8 presents the FTIR spectra

of pristine NP and the two components (BDNPA and BDNPF)

in the NP mixture. The only difference between BDNPA and

BDNPF in their molecular structures is the extra ACH3 group

in the center of the BDNPA molecule, as shown in Figure 1.

Due to their structural similarity, many major peaks, such as

asymmetric and symmetric ANO2, ACCOCA, ACHn, simply

overlap in the NP spectrum. However, the structural difference

does bring some unique peaks for the individual molecule. For

example, BDNPF gives different absorption features at

ACH2ACOA, ACNO, and ACH2A at 1420, 1200–900, and

870 cm21, respectively. Without the ACH3 group, the two

ACOCCA absorption features in BDNPF are much stronger

than these in BDNPA. On the other hand, BDNPA gives differ-

ent features for ACANA (at 1090 and 910 cm21) and ACH3

(at 860 cm21), respectively. We can use these peaks to detect

their presence in the samples.

Figure 9 presents the FTIR spectra of the NP before and after

the EVA-OH immersion for 9 months at different temperatures.

For better illustration, the spectra are divided into two regions.

The FTIR spectrum of the 50�C NP is very similar to the one

for pristine NP, which confirms that this temperature does not

cause the significant degradation of NP. On the other hand, sev-

eral new peaks, free AOH (3580 cm21), AOH (from AOOH

group), >NH, ANH2, arACHA and arAC@C, and AC@O,

appear in the 75�C NP sample. The AOH (from AOOH) and

>C@O (at 1740 cm21) groups suggest the presence of acetic

acid.23 Since the >NH, ANH2, and >C@O groups are typically

generated from the NP degradation at high temperature

(>160�C),3 and the aromatic groups can only come from X-

linkers, the newly formed amine and aromatic products are

most likely from the X-linker molecules that were extracted into

NP liquids from the degraded EVA-OH samples during the

immersion process. The disappearance of the 1090 cm21 peak

and reduced intensity of the 910 cm21 peak, associated with

ACANA stretching from BDNPA, suggests that the NP degra-

dation may be caused by the cleavage of ACANA bonds in

BDNPA.

Since a noticeable degradation of NP occurs at 75�C, we will

focus on this temperature, but at different aging times, as

shown in Figure 10. Compared to the FTIR spectrum of pristine

EVA-OH, the major spectral changes in the 5 month sample are

due to the NP uptake. As the sample was further aged up to 9

months, additional spectral changes are observed. The increased

NO2 intensity suggests the higher NP content. Additionally, the

newly detectable AOH (from AOOH group at 3430 cm21) and

slightly broader >C@O feature (at 1740 cm21) confirm the ace-

tic acid and ketone formation. The newly detected >NH and

ANH2 groups (at �3200 cm21) and the arACHA (from the

aromatic rings) and @CHA groups (at 3020 cm21) suggest that

we might be detecting free molecules with structures similar to

the X-linker molecules. Furthermore, the slightly reduced inten-

sities of the ACOA peaks at 1740, 1240, and 1010 cm21, and

ACH@CHA peaks at �970 cm21, may be due to the removal

Figure 8. FTIR spectra of NP (an eutectic mixture of BDNPA and

BDNPF), BDNPA, and BDNPF. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 9. FTIR spectra of the liquid NP before and after the immersion

experiment at 75�C for 9 months. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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of the formed acetic acid and scission products of X-linkers

from the degraded materials into liquid NP.

In summary, NP is relatively stable when it is thermally treated

at 50�C for 9 months. However, as the temperature increases to

75�C, NP starts to degrade after the 9 month heating. The TGA

and FTIR results suggest that the NP degradation occurs in

BDNPA, and also accelerates the EVA-OH degradation, which

might occur in both VAc and urethane groups. As a result, ace-

tic acid is generated and the X-linker is incised from the EVA-

OH main chains, which changes the chemical structures of

EVA-OH.

EVA-OH Aged in the NP Vapor

FTIR Spectroscopy. Figure 11 presents the FTIR spectra of the

EVA-OH samples before and after exposure to NP vapor for 9

months. At RT, the peaks associated with NP are small, which

confirms the minimal NP uptake in the EVA-OH polymer.

Except for that, the aged sample gives the spectrum similar to

the pristine EVA-OH. At 50�C, the larger NO2 peaks confirm

the increased NP uptake. Additionally, a broad band related to

AOH and ANHA starts to emerge in the region of 3800–

3200 cm21 and the >C@O peaks at 1710 and 1180 cm21

become broader, which suggest the formation of alcohol and

ketone groups. The intensities of the >C@O peak at 1740 cm21

and ACAOA peak at 1240 cm21 decrease, which may be due

to the evaporation of the formed acetic acid. The changed spec-

trum suggests that EVA-OH degradates at a temperature as low

as 50�C in the NP vapor. At 75�C, the FTIR spectrum of the

aged EVA-OH completely changes in the entire region. In the

region of 3800–3200 cm21, two new peaks evolve from the

broad band, which are related to the ANHA stretch with and

without H-bonding interaction, and the formation of polymeric

alcohols (AOH) and/or AOOH (from acetic acid), respec-

tively.23 The shoulder (at 3010 cm21) associated with arACH

and @CHA further grows. The intensity ratio between the

asymmetric and symmetric ACH2A stretching changes as well.

In the region of <2000 cm21, the peaks at 1570 and 1330 cm21

related to the ANO2 greatly increase because of the increased

NP uptake. However, the temperature impact is more than sim-

ply an increase in the NP uptake. As the intensities of two char-

acteristic peaks of EVA-OH (AC@O at 1740 and ACAOA at

1240 cm21) decrease, many new peaks emerge. Several should-

ers or peaks appear around the >C@O, @CAOA, and

ACCOCA regions. The shoulders around the >C@O peaks

were identified as the >C@O stretch of a lactone at 1770 cm21

and the >C@O stretch in a ketone at 1715/1708/1175 cm21,

respectively.23 The new peak at 1600 cm21 suggests that the

Figure 10. FTIR spectra of the EVA-OH composites before and after NP

liquid immersion at 75�C. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 11. FTIR spectra of the EVA-OH samples before and after being

exposed to NP vapor at different temperatures for 9 months. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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formation of conjugated diene (AC@CA).11,23 The ACAOA
peak at 1040 cm21, associated with the ACOOA group in the

X-linker, also largely decreases. The intensities of the ACANA
peaks at 1090 and 910 cm21 decrease, suggesting the ACANA
cleavage in the NP molecules. Many of the detected molecular

fragments might result from the changes in AarANHA, AOH,

AOOH, different carbonyl groups, @CAOA bands, AC@CA
groups, which confirm the incision of X-linkers. Since the

uncross-linked EVA-OH molecule is almost the same as EVA,

the thermal degradation mechanisms of EVA under the acidic

environment will dominate the EVA-OH degradation.11,23,24,31

All of the spectral changes suggest that the irregularity of EVA-

OH backbone greatly increases after the EVA-OH was exposed

to NP vapor at 75�C for 9 months.

Thermal Analysis

Figure 12(a) and Table IV summarize the TGA results of EVA-

OH before and after the NP vapor exposure at different temper-

atures. At RT, the DTNP and DTEVA-OH features are clearly sepa-

rated. Similar to the results obtained from the liquid sample

(see Figure 4), NP shows one DTNP (at 234.4�C) with a

shoulder at the low temperature end, which may suggest the

different interactions between EVA-OH and BDNPA versus

BDNPF molecules. The estimated VAc content in the exposed

sample is almost the same as that in the pristine EVA-OH,

which suggests no significant degradation occurring at the

ambient conditions. At 50�C, DTNP greatly decreases from 234.4

to 189.1�C, suggesting the degradation of NP. Based on the 2nd

weight loss, we estimated that the concentration of the VAc seg-

ment slightly increases though this value may also include some

degraded materials. For the 75�C samples, the split DTNPs con-

firm the significant degradation of NP. As a cascade effect, the

large degradation in EVA-OH also occurs. For the liquid sam-

ples, the degraded materials, such as incised X-linkers, were

extracted from the polymer into the liquid NP. In the vapor

sample, except for the low boiling point materials, the degraded

materials accumulate and interact with each other inside the

polymer matrix. The peak at 131.5�C may be associated with

the decomposition of the degraded BDNPA while the peak at

202.96�C might be associated the decomposition of the

degraded BDNPF. Furthermore, DTs of degraded low MW

materials and the polymer convolute together, and give a broad

band between 200 and 280�C. One possible reason for this

broad band is the decomposition of X-linker [methylene bis-(4-

phenyl-isocyanate) (MDI) group], which decomposes at

�260�C. After the scission, MDI—a reactive agent, may react

with degraded fragments from NP to form new materials.

Accordingly, the greatly increased 2nd weight loss, associated

with the increased VAc value, suggests that additional com-

pounds similar to acetic acid and/or ketone are formed. On the

other hand, the decreased 3rd weight loss indicates a large

decrease in the mass of the ethylene segment, which confirms

the severe structural changes in the backbone of EVA-OH.

Upon the X-linker removal, the vinyl alcohol (VA) group forms,

which is prone to be hydrolyzed under the acidic environment

Figure 12. The effect of temperatures on the TGA (a) and DCS (b) results of

the EVA-OH composites exposed to the NP vapor for 9 months. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Table IV. Summary of Weight Loss at Different Temperature Ranges for the EVA-OH Composites Before and After NP Vapor Exposure at Temperatures

for 9 Months (Heating Rate 5 10�C/min)

Wt loss (%) at different temperature ranges

Sample 1st <277�C 2nd 277–390�C 3rd 390–530�C Polymer (wt %) VAc (%)

Pristine 0.79 5.79 13.55 20.4 41.1

Room temperature 4.65 5.72 13.73 20.8 41.2

50�C 8.95 5.43 12.72 19.0 45.1a

75�C 14.13 5.61 9.78 16.5 56.9a

a Due to the large degradation, the weight loss between 277 and 390�C also includes some of the degraded materials, which may not be the VAc
segments.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4145041450 (10 of 17)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


below 390�C.32 Therefore, both decreased polymer weight and

hydrolyzed VA could also contribute to the increased VAc con-

tent in the 75�C sample.

Figure 12(b) and Table V summarize the DSC results of the

vapor samples. Compared to Tm of the pristine sample

(54.6�C), Tm of the RT vapor sample decreases to 51.1�C, which

is lower than that of the corresponding liquid sample (52.7�C).

Although the NP uptake in this sample is much less than that

in the liquid sample, its Tg (237�C) is also slightly lower than

that of the liquid sample (236�C). Compared to the pristine

sample (13.47 J/g), the aged sample has a lower heat of fusion

(11.57 J/g) as well. All of these differences are mainly due to the

plasticizer effect of NP. The DSC results of the 50�C sample

become more interesting because the original Tm feature splits

into two. While Tm of VAc continuously decreases from 51.1 to

47.9�C, a new feature appears at 71.3�C. We suspect this new

peak is associated with a new phase—the newly formed VA seg-

ment, which typically has a higher Tm than the VAc segments.31

The hydrolysis of the VAc groups and urethane groups in the

X-linkers will produce AOH group and results in more VA

group in the aged samples than that in the pristine EVA-OH,

which may be responsible for this new peak. As the temperature

further increases to 75�C, while Tm of VAc further decreases to

46.6�C, both VAc and VA groups almost disappear. The heat of

fusion of the portion at 46.6�C largely decreases to 2.82 J/g. All

of these results suggest a considerable decrease in the crystallin-

ity of the sample—due to possibly significant chain scission in

the hydrocarbon bond related to the VAc and VA groups.

GPC Characterization for Aged EVA-OH and NP Samples

Figure 13 presents the Mw distributions (from DRI detector) of

the pristine, vapor exposed, and liquid immersed EVA-OHs,

and used NP. For the aged samples, we will only focus on the

75�C samples due to their large degradation. In Figure 13, we

also include three chemical agents—hylene, MDI, and phenol as

references. In general, the cured EVA-OHs have poor solubility

in THF. The GPC result suggests that there are some low Mw

polymer (25 K g/mol), oligomers, and phenol in the pristine

EVA-OH. The two broad peaks between 17.8 and 19.6 min cor-

respond to un-reacted X-linkers with MW higher than MDI

(Mw 5 250), which suggests that they are in the forms of par-

tially uncapped inter-mediums.10 If we assume that they are the

hydrolyzed forms of hylene, their Mws range from 286 to 362.

For the vapor sample, we detect an appreciable amount of

oligomers, a small peak with Mw 5 319, and a large peak with

Mw> 250. The appreciable amount of oligomers suggest that

the degraded materials, with much lower Mw than the EVA-OH

polymer, are due to the chain scission occurring on the back-

bone of EVA-OH, which is consistent with the DSC results. The

small peak with Mw 5 319 and the large peak with Mw> 250

might be attributed to the mixture of degraded NP and incised

X-linkers, respectively. Furthermore, the vapor sample does not

give much signal at the Mw higher than 50K g/mol, which sug-

gests that the reactive species in the NP vapor cause the oxida-

tive degradation of EVA-OH, resulting in the formation of

additional cross-links in the polymer, and a decreased solubility.

On the other hand, for the liquid immersed EVA-OH, we detect

not only a large amount of NP, but also some polymer with a

higher Mw (40K g/mol) than that found from the pristine EVA-

OH. This result suggests that the immersed EVA-OH has a bet-

ter solubility in THF than the pristine EVA-OH, which might

be due to the removal of X-linkers during the NP immersion

process. Some cured EVA-OH, therefore, becomes uncured, and

hence dissolves better in THF. However, the small peak at a low

Mw end (Mw< 300) suggests the low concentration of degraded

materials, which confirms the structural changes in the liquid

sample are not as significant as those in the vapor sample. This

result is consistent with the results obtained from the TGA and

FTIR characterization. For the used liquid NP, we detect two

large peaks, which are associated with NP and the degraded

materials (possibly including degraded NP and incised X-

linker). Furthermore, we also detect a negative peak, which is

identified as an acetic acid like materials (Mw 5 60). Since the

refractive index of acetic acid is smaller than that of THF, it

gives a negative peak in the DRI detector. The result confirms

the formation to acetic acid in the EVA-OH degradation pro-

cess. The reason for not detecting acetic acid in the vapor sam-

ple may be due to the evaporation of acetic acid from the

sample at 75�C. Similarly, if there is some acetic acid formed in

the NP immersion, it was extracted out of the sample by NP.

Table V. Summary of the Tg, Tm, and Heat of Fusion of the EVA-OH

Samples Before and After the NP Vapor Exposure at Different Tempera-

tures for 9 Months

Sample Tg (�C) Tm (�C) H (J/g—polymer)

Pristine 235 54.6 13.47

RT (9 months) 237 51.1 11.57

50�C (9 months) 238 47.9, 71.3 3.97, 1.97

75�C (9 months) 241 46.6 2.82

Figure 13. The GPC results (from DRI detector) of pristine (black curve),

vapor exposed (red curve) and liquid immersion (blue curve) EVA-OHs,

and used NP (green curve) (the aging conditions are 75�C for 9 months).

Mws of pure chemical agents are labeled near their peaks. (To better illus-

trate the GPC result of the pristine EVA-OH, the intensities of other two

aged EVA-OH samples were reduced by �20%. The intensity of used NP

was reduced by �50%). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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To further determine the chemical properties of the degraded

materials in these samples, we also analyzed these fragments

using PDA detectors so that their UV/vis spectra were collected,

as shown in Figure 14. Unlike the DRI detector—a concentra-

tion detector, the PDA detector is a structural detector for

materials that absorb in the UV/vis region. Since EVA-OH does

not have a strong UV/vis absorption, plus low solubility, we

barely detect the EVA-OH using the PDA detector. On the con-

trary, we are able to detect hylene, NP, degraded materials, and

phenol. From the pristine EVA-OH, we confirm the presence of

the residual hylene with a signature peak at �264 nm together

with a broad shoulder at �245 nm, and the presence of the

inter-medium products of de-capped hylene.10 Since the de-

capped hylene has a similar structure to diphenyl-amines, it

gives the adsorption peak at �295 nm. We also confirm the

presence of phenol with a signature peak at 272 nm. All of these

UV spectra are presented as insets in Figure 14, and grouped

within the black frame. For the vapor sample, we detect two

peaks with a broad shoulder at the high Mw end. The 1st peak

(at �20 min) is mainly NP, which typically gives a strong

absorbance at �238 nm in the dilute THF solution. However,

the red shift on this peak (�244 nm) may be due to the influ-

ence from the dissolution of degraded materials. The second

peak (�20.5 min) has a much higher intensity than the first

one, which suggests that this vapor sample contains a significant

amount of degraded materials. The UV spectrum of this peak

contains the strong adsorption at �243 nm, the characteristic

adsorption related to ANO2 group,33 which confirms the large

degradation of NP. This result is consistent with the FTIR result

(in Figure 11). Furthermore, a new absorption at �293 nm is

detected, attributed to the phenyl-amine materials, such as the

incised X-linker. The low intensity of this absorption is due to

the initial low concentration of X-linkers in the EVA-OH com-

posite (< 2%). From the DRI results, we know that the Mw of

the degraded NP is higher than 250, which confirms that NP

Figure 14. The GPC results (from PDA detector) of pristine (black curve), vapor exposed (red curve) and liquid immersion (blue curve) EVA-OHs, and

used NP (green curve) (the aging conditions are 75�C for 9 months). Insets are the UV spectra of the eluded fragments from pristine EVA-OH (black

frame), vapor exposed EVA-OH (red frame), and aged liquid NP (green frame) (the retention times of the corresponding UV spectra are labeled in the

red text). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 15. 13C NMR results of pristine and aged EVA-OH exposed to NP

vapor at 75�C for 9 months (R refers to the X-linker). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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degrades mainly from ACANA bond cleavage because Mw of

the materials from the ACAC bond cleavage (Mw< 150) would

be much lower than 250. This result supports the modeling

work conducted by Pauler et al. in 2007.3 However, a broad

shoulder at the high Mw end suggests that the formation of an

appreciable amount of oligomers, with some UV sensitivity,

may be due to the formation of conjugated structures, such as

(AC@CA)n. This result is consistent with the small AC@CA
IR absorption feature at 1600 cm21 (in Figure 11) and also con-

sistent with the literature results.11,18,23,34 For the liquid

immersed EVA-OH, we mainly detect NP with the minimal

amount of degraded materials, which supports the slight

changes in this sample. Finally, we analyze the used NP. Clearly,

in addition to containing the degraded NP, it also contains

some aromatic materials that give the absorption at 292.4 nm,

which might come from the extraction of incised X-linkers. The

incised X-linker together with other low Mw materials corre-

sponds to the peak at 133�C in the TGA result of the used NP

(see Figure 7).

13C Solid State NMR for NP Vapor Exposed EVA-OH Samples

Finally, we probe the chemical changes in the aged EVA-OH

samples using 13C solid state NMR. Figure 15 presents the 13C

Table VI. Summary of Chemical Shifts in the EVA-OH Composites Before

and After the NP Vapor Exposure at 75�C for 9 Months

Species Chemical shifts (ppm)

Carbonyl carbon in
pristine sample

169

Carbonyl carbon in
aged sample

172 (large peak) 175.8
and 178 (small peaks)

Likely AC@CA
(only for aged sample)

118.9 and 117.1

ACH2ACOHACH2A in
the pristine sample

73.7

ACH2ACOHACH2A in
the aged sample

64.7

A series of small peaks
in aged sample

89.8 to 74.6

ACH2A groups for
both samples

34.5, 30.4, 25.9

ACH3 groups for
both samples

21.0 and a small one at 14.5

Scheme 1. The simplified degradation mechanisms of BDNPA under thermal, oxidative and/or hydrolysis conditions.3,4 [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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NMR result of the 75�C vapor sample together with the pristine

EVA-OH sample. Table VI presents the chemical shifts for the

different functional groups. The NMR spectrum of the vapor

sample shows a change in the chemical shift on the carbonyl

resonance (labeled 8), which suggests large changes in the local

environment of the carbonyl groups. Typically, when the peak

broadens, the mobility of >C@O decreases. The broadened

peak 8 suggests that the carbonyl groups may attach to more

rigid chains. One of the new peaks at 122 ppm with a small

shoulder is most likely due to the formation of different types

of dienes (AC@CA). A few small new peaks between 72 and

100 ppm suggest the formation of new aliphatic carbon in the

ACHA species. Accordingly, the peak broadening around peaks

5, 6, and 7 suggest large changes in the mobility of the CAO

bonds attached to the aliphatic carbons. Furthermore, the peak

characteristics (intensities and widths) of ACH2A groups

(labeled 2–5) noticeably change in the spectrum of the aged

sample, which may be due to not only the large changes in the

mobility of the CAO bonds attached to these aliphatic carbons,

but also the newly formed functional groups with ACH2A. The

increased ACH3 peak may come from more acetic acid forma-

tion through VAc hydrolysis and/or the terminated reaction

though chain scission. All of these observations are consistent

with the results of the other characterizations, and suggest sig-

nificant degradation in the carbon skeleton in the EVA-OH

sample after being exposed to the NP vapor at 75�C for 9

months.

It is worth noting that one possible factor, which may compli-

cate this study, is the stainless steel mesh used as a support for

the EVA-OH samples in the NP vapor phase. Some transition

metals (Fe, Cr) in the mesh may serve as a catalyst to reduce

the activation energy for the polymer degradation. Nevertheless,

this comparison study concludes that the NP vapor exposure

can be more detrimental to the EVA-OH polymer than the NP

liquid immersion even at room temperature.

Proposed Degradation Mechanisms

In 2007, Rauch et al proposed that the initial step in the NP

thermal decomposition is the NP evaporation, followed by the

fragmentation of the CAO acetal/formal bond.4 This is then fol-

lowed by nitro-nitrite rearrangement and NO/NO2 cleavage to

form carbonyl species. However, their study suggests that the

Scheme 2. The simplified degradation mechanisms of BDNPF under thermal, oxidative and/or hydrolysis conditions.3,4 [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4145041450 (14 of 17)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


decomposition does not proceed until the temperature is above

160 to 180�C, which is much higher than the 75�C used here.

On the other hand, the prior constituent aging studies suggest

that a different decomposition mechanism may play a dominant

role in the NP degradation at a low temperature (< 75�C).5,35

The work of Pauler et al. suggests that the CAN bond scission

occurs at a lower activation energy than the CAO bond scis-

sion, and eliminates HONO.3 Pauler et al also suggest that due

to the cage effect, the formed HONO can re-bond to the NP

fragment before diffusing out of the liquid to form a slightly

more stable RAONO isomer of NP. However, when the HONO

molecules are in the vapor phase, they can be reactive and form

H2O and NOx species. Furthermore, when the sample is hetero-

geneous with a large interfacial area, the kinetics of the reaction

will be enhanced. The simplified degradation mechanisms of

BDNPA and BDNPF through ACANA and ACAOA bond

scission are illustrated in Schemes 1 and 2, respectively. In this

study, both FTIR and GPC characterizations suggest that the

majority of the degraded NP gives Mw> 250, which confirms

the ACANA bond scission. Evidently, the presence of oxidizing

NOx gases and moisture causes the formation of the chemical

species, such as NO, HNO2, HNO3, H2O and so forth, which

significantly accelerate the NP and EVA-OH degradation in the

NP vapor phase at 75�C. As proposed in Scheme 3, these acidic

species attack the ACOA groups in the VAc segments though

both hydrolysis [Scheme 3(a) and/or thermolysis Scheme 3(b)]

to release acetic acid. The same hydrolysis might also occur in

the urethane group in the X-linkers to form carbamic acid,

which might undergo two possible reactions: Scheme 3(a.1) to

form methylene bis(4-phenyl-isocynanate) (MDI), and Scheme

3(a.2) to form 4,4’-methylene bis-benzenamine (MBBA). MDI

is a reactive agent and can undergo the thermal hydrolysis

through Scheme 3(c.1) to generate MBBA too. Under the heat,

moisture, and acidic environment, NO molecules might react

with MBBA through an addition reaction through Scheme 3(d)

to form bis(4-aminophenyl)-methanone-oxime. This oxime can

easily decompose into bis(4-aminophenyl)-methanone and

hydroxylamine through Scheme 3(e). Furthermore, MDI mole-

cules can react among themselves to form dimers or even

oligomers through Scheme 3(c.2) and (g).10 Clearly, with many

possible reaction pathways, the degradation of EVA-OH might

generate many fragments with different functional groups, such

as free AOH, polyAOH, AOOH, ANH2, ANHA, arACH,

arANH2, arANHA, @CHA and different ketones (>C@O)

groups, which cause the complicated changes in the spectra of

FTIR, UV/vis, and NMR, and the results of TGA, DSC, and

GPC characterizations.

We believe that the important steps in the EVA-OH degradation

are the hydrolysis of the VAc group and the scission of the X-

Scheme 3. Possible degradation mechanisms of the cross-linker removal and continued degradation in the EVA-OH under moisture and acidic environ-

ment.8,10,19–23,30,35,36 [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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linkers. Upon the X-linker removal, the degradation of EVA-OH

is very similar to that of EVA. Based on the litera-

ture,19,20,22,23,36,37 some possible thermal degradation mecha-

nisms are highlighted in Scheme 4. When EVA is thermally

oxidized, many fragments containing >C@O and ACOA are

formed. The cleavage of ACOOH groups and the formation of

acetic acid are also well documented.18,23,31,32,34 The deacetyla-

tion of the intermediate results in a, b-unsaturated carbonyl

formation through Scheme 4(a)s and (b)s, which is the main

cause of the yellowish color in the aged EVA.11,23,30 The

increased intensity of AC@CA bending at �1600, �850,

780 cm21 in the FTIR spectrum of the 75�C sample in Figure

11 and the chemical shift at �120 ppm in NMR in Figure 15

seem to support this hypothesis. The increased intensities of all

bands in the low wavenumber region (<1000 cm21) (in Figure

11) correspond to all kinds of ACHn out-of-plane bending,

deformation, and twisting. The formation of ANH2 will also

contribute to some broadening of bands in this region. Accord-

ingly, the ACOA peak becomes boarder at the high wavenum-

ber end (at 1770 cm21) due to the lactone formation through

the anhydration of VAc,23 as shown in Scheme 4(c.1). The dou-

ble bond formation will allow the materials to be further

degraded through chain scission and cross-link with the reactive

species in the NP vapor and result in the large irregular struc-

tures in the 75�C vapor sample.

CONCLUSIONS

The stability of polymer binders is a great concern in their

applications where they are used in the highly filled composites.

Although most polymers do not have the aging problem when

they are used in the homogeneous phase, they become vulnerable

when they are used in the highly heterogeneous matrix. The situa-

tion is further complicated by exposing the highly filled polymer

composite to acidic and/or moisture environment. In this study,

we demonstrate that the NP vapor condition, rather than the NP

liquid, is detrimental toward the stability of the EVA-OH even at

the relative low temperature (<75�C). It is the NP degradation

that triggers the degradation of the polymer. Therefore, to mini-

mize this cascade effect, we should minimize the NP usage. On

the other hand, to improve the chemical stability of NP and EVA-

OH, adding anti-oxidants will be beneficial. In further work, a

more systematic and a long-term aging study will be conducted

to study the kinetics of the thermal aging of the EVA-OH/filler

composites under the acidic and/or humidity conditions.
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