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    Chapter 10   
 Shelf Life Assessment of Poly(ethylene-co- vinyl 
acetate) and Polyester Polyol Resins 
Used as Adhesives 
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    Abstract     The thermal stability and ageing properties of Vinamul 3161 
poly(ethylene-co-vinyl acetate) and AS1160 polyester polyol resins have been 
investigated in support of shelf life assessment and also to identify storage condi-
tions that may extend product life. These resins are typically used in the production 
of adhesives for specialised applications either as binders for fi ller particles or to 
minimise the relative movement of materials in multi-material assemblies. Our 
studies confi rm that both these resins are susceptible to moisture and hydrolysis 
chemistry which potentially limits shelf life. The EVA resin readily accumulates 
acetic acid through hydrolysis of the pendent acetate groups which increases both 
the acidity (pH) and volatile outgassing characteristics of the material. The tem-
perature sensitivity of pH combined with Arrhenius kinetics was used to identify a 
useful shelf life for EVA in conditions representative of normal storage conditions. 
In a separate set of experiments, relatively short-term thermally accelerated ageing 
studies have been carried out on AS1160 polyester polyol to investigate sensitivity 
to humidity, temperature and open/close ageing conditions. This material is hygro-
scopic, readily accumulates moisture and is susceptible to chain scission with 
molecular weight changes linked to the hydrolysis-esterifi cation equilibrium. These 
changes do not however adversely impact adhesive bond strength allowing the 
resin to be potentially used signifi cantly beyond the manufacturer recommended 
shelf life limit.  
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        Introduction 

 For many modern products, long lifetimes (up to several decades) are advantageous, 
particularly for high consequence applications (e.g. nuclear energy, defence, space, 
etc.). There is also an increasing requirement for materials (resins, ingredients) and 
systems to last much longer than initially envisaged (>20 years) requiring pro-
grammes to be in place to support a life extension. In most cases, it is typically the 
organic materials that will age relatively faster than other materials (inorganic, met-
als, etc.), and therefore the chemical mechanisms and rates of reactions of these 
materials need to be understood in order to scientifi cally justify a life extension. 

 The technical challenge in high consequence defence-related multi-material 
assemblies is signifi cant as materials must withstand complex and changing envi-
ronments for decades that include combinations of heat, which may accelerate 
chemical reactions, radiation (alpha, beta, gamma and neutron) causing material 
degradation, mechanical loads (with reduced stiffness and changes in damping 
properties through life), varying degrees of oxygen and moisture (corrosion, hydro-
lysis) and volatile organics (degradation and corrosion reactions) [ 1 ]. The design of 
accelerated material ageing experiments to replicate service is therefore fraught 
with potential pitfalls. 

 Although temperature is the most common method of ageing materials, it is 
inappropriate when the issue is the radioactive degradation of any material. However, 
in practice temperature is a key parameter affecting chemical kinetics, and its use is 
normally based on the application of Arrhenius kinetics. In the absence of mecha-
nistic information, the normal practice is to use the rule of thumb (the rate of reac-
tion doubles per 10 °C rise) to identify a simulated age. However in practice, this is 
rarely true for many materials and multi-material assemblies and questions the 
validity of accelerated ageing trials based upon this rule of thumb. Therefore great 
caution is required in the use of Arrhenius kinetics in life prediction [ 2 ]. 

 Another area of interest in the defence industry is the security of supply of key 
ingredients and the identifi cation and qualifi cation of new or replacement materials. 
It is increasingly diffi cult (and in many cases impossible) to purchase the exact 
same materials used in the production of early assemblies/materials. The preferred 
option for material supply (particularly the organic materials, with volatile constitu-
ents) in the defence industry is to have greater (in-house) control over the produc-
tion of constituents and formulation of materials. All programmes to develop new 
or replacement materials require the delivery of assessments/tests to understand the 
ageing and chemical compatibility issues. 

 Commercially, EVA is the base polymer for some athletic shoes and also used in 
photovoltaic (PV) cells [ 3 ,  4 ]. Durability is of particular concern in the solar cells 
industry where EVA adhesive is used as an encapsulant for photovoltaic cells [ 5 ,  6 ]. 
On exposure to UV light, the material changes colour over a number of years, with 
potentially signifi cant loss in power from the cell [ 7 ,  8 ]. 

 In this paper, the key organic materials under consideration are poly(ethylene-
co- vinyl acetate) (denoted EVA) and polyester polyol (denoted PL) resins. These 
resins are employed as adhesives for a number of specifi c applications either as 
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binders for fi ller particles or to minimise the relative movement of materials in 
multi-material assemblies. A key area of interest is to understand shelf life and 
options for shelf life extension. Age-related changes to the adhesive could poten-
tially impact the gas phase (resulting in corrosion of metals, sensitisation, etc.) and 
also infl uence system dynamics (e.g. de-bonding, compression set, etc.) with poten-
tial changes in system performance and/or safety [ 9 ]. We detail our initial studies on 
poly(ethylene-co-vinyl acetate) and AS1160 polyester polyol resins to understand 
thermal stability, useful shelf life and options for life extension. The general meth-
odology, the analytical methods and the future strategy from an ageing and shelf life 
perspective are discussed.  

    Materials 

    Poly(ethylene-co-vinyl acetate) Resin 

 The poly(ethylene-co-vinyl acetate) resin used in this study (see Fig.  10.1 ) was adhe-
sive grade Vinamul 3161 emulsion, batch number 2235/240211, and manufactured 
by Celanese in February 2011. The resin exhibits a glass transition temperature of 
approximately 3 °C, no melting point, and hardens on drying in air. The material was 
used as received and typically exhibits a pH of 5–7. The material is known to release 
acetic acid through hydrolysis of the acetate groups which alters the pH of the resin, 
and specifi cation limits require a minimum pH of 4 (when stored at 20 °C), below 
which the resin cannot be used in the production of multi-material assemblies.

       AS1160 Polyester Resin 

 Baycoll AS1160 is a highly branched polyester polyol (PL) consisting of four dif-
ferent constituents (see Fig.  10.2 ). The material typically has a low acid number, 
and a majority of end groups are hydroxyl that can react with a phenyl-based isocya-
nate to produce a polyurethane adhesive. Specifi cation limits require the water 
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  Fig. 10.1    The molecular structure of poly(ethylene-co- vinyl acetate), Vinamul 3161 resin. Water 
and/or hydroxyl groups in close proximity to the vinyl acetate groups are thought to promote 
hydrolysis chemistry leading to the production of acetic acid       
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content to be a maximum of 900 ppm and the hydroxyl concentration (based on 
ASTM D2849-69) to be 170 ± 10 mg/KOH g (expressed as KOH equivalent).

   The maximum allowable manufacturer recommended shelf storage life for 
AS1160 is 6 years when stored at ambient conditions. It should be noted that the 
resin is no longer commercially available; however there is requirement to provide 
justifi cation for the continued use of the available stock holding (which is beyond its 
manufacturer recommended 6-year shelf life) until a new replacement material is 
potentially sourced.   

    Test and Analysis 

    Ageing Studies on EVA Resin 

 The variation of resin pH as a function of time and temperatures was investigated to 
understand kinetics representative of the underlying chemical mechanism(s) that 
limits useful shelf life. Vinamul 3161 resin was aged in sealed containers and at four 
different temperatures (32, 45, 60, 75 °C) with the pH of the emulsion monitored at 
regular intervals using a Mettler Toledo SevenEasy™ pH metre. Temperature sensi-
tivity was assessed by determining changes in pH, and the Arrhenius plot was used 
to predict the rate of change in pH at temperatures specifi c to shelf storage condi-
tions (normally 20 °C).  
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  Fig. 10.2    Baycoll AS1160 resin showing the various chemical constituents, 43.5 wt% adipic acid, 
43 wt% propylene glycol, 3.9 wt% phthalic acid and 9.6 wt% trimethylolpropane       
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    Ageing Studies on AS1160 Resin 

 The experimental test matrix for studies on AS1160 resin is detailed in Table  10.1 . 
These studies do not advocate studies in inert gas atmospheres as AS1160 is nor-
mally stored in air. To minimise diffusion effects/gradients between the bulk and 
surface of the material, samples were aged as thin samples with typically 30–40 g 
of material aged in 250 ml conical fl asks at each temperature. The fl ask openings 
were covered with aluminium foil secured with metal wire. For experiments F1, F4 
and F5, the aluminium foil was punctured with three small holes to ensure ageing in 
a non-sealed environment, enabling the exchange of volatiles/gases with the oven 
atmosphere. For experiments F2 and F3, ageing in a closed environment was simu-
lated by heating AS1160 in a sealed conical fl ask.

   As the sensitivity of AS1160 to humidity is not well understood, the experimen-
tal matrix incorporates a controlled humidity experiment (F4). The use of 60 °C 
combined with 20 % RH correlates to a dew point of 29 °C and simulates relatively 
humid conditions. Under these conditions, the rate of moisture diffusion through the 
resin is accelerated with temperature potentially degrading the material either 
through hydrolysis, chain scission or plasticisation effects. 

 Trials F2 and F3 were included to assess whether AS1160 is sensitive to the 
retention of volatile/gaseous species. In particular, a comparison of results 
between F3 and F5 will provide information on whether the retention of vola-
tiles/gaseous species is important and whether this can alter the degradation 
chemistry and/or rate.  

     Table 10.1    Experimental design and initial results from studies to assess the sensitivity of AS1160 
resin to temperature, humidity and ageing in a sealed or open environment   

 F1  F2  F3  F4  F5 

 Ageing regime  Open to air  Sealed  Sealed  Open to air (wet)  Open to air 
  T  (°C)  90  60  75  60  75 
 RH (%)  –  –  –  20  – 
 Dew point (°C)  –  –  –  29  – 
 Hydroxyl concentration by titration (mg/KOH) 
 Zero time (baseline)  177  177  177  177  177 
 7-day ageing  189  197  213  271  252 
 Butt tensile bond strength (MPa) by ASTM D2095 
 Zero time (baseline)  42 ± 5  42 ± 5  42 ± 5  42 ± 5  42 ± 5 
 21 days  28 ± 7 
 28 days  40 ± 3  31 ± 4  36 ± 6  39 ± 2 
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    Gel Permeation Chromatography 

 For both resins, gel permeation chromatography (GPC) was employed to measure 
variation in molecular weight and molecular weight distributions. For the EVA 
resin, samples were dissolved in tetrahydrofuran (THF) and analysed using a 
Viscotek TDA GPC    instrument calibrated against EasiCal poly(styrene) standards. 
The peaks observed from the EVA samples were within the range covered by the 
EasiCal poly(styrene) calibration standards used within this study. 

 For the AS1160 resin, triple detection and conventional calibration analyses 
were performed on a Viscotek TDA instrument. Acetone (HPLC grade) was used as 
the eluent with a fl ow rate of 1 ml/min. Two PL gel mixed-E 300 mm columns were 
used with an oven temperature of 35 °C. Calibration was performed using monodis-
perse poly(methyl methacrylate) standards, and three runs were performed per sam-
ple (concentration ~40 mg ml −1 ).  

    Moisture Content and Hydroxyl Functionality 

 The moisture levels in AS1160 were measured using Karl Fischer Coulometry, 
and the hydroxyl content was measured based on the standard ASTM D2849-69 
procedure [ 10 ].  

    Bond Strength 

 When the AS1160 resin is mixed with isocyanate, and cured for up to 24 h in dry 
(typically less than 15 % RH), a thixotropic polyurethane adhesive is formed. The 
adhesive is commercially used to bond metals, organic and inorganic materials, and 
is particularly useful for reducing the relative movement of components in multi- 
material assemblies. The performance of the polyurethane adhesive requires the 
ultimate tensile strength (UTS) to be a minimum of 15 MPa when measured using 
butt tensile specimens by ASTM Test Method D2095.   

    Results and Discussion 

    Shelf Life Assessment of EVA Resin 

 Poly(ethylene-co-vinyl acetate) resins are known to hydrolyse to the parent carbox-
ylic acid and an alcohol. This mechanism increases the acidity of the resin, gener-
ates pendent hydroxyl functional groups on the EVA and ultimately limits the shelf 
life of the resin. Water, and/or hydroxyl groups in close proximity to the vinyl 
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acetate groups, is thought to promote hydrolysis chemistry. The production of acetic 
acid is associated with an increase in acidity and a reduction in resin pH. Figure  10.3  
shows pH versus time measured at a number of different temperatures. The sensitiv-
ity to temperature fi ts Arrhenius kinetics (see Fig.  10.4 ), and the resulting activation 
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  Fig. 10.3    Acidity of the uncured EVA resin (emulsion) monitored as a function of time and at a 
number of different temperatures. The slope of the linear regression fi t to the data was used to 
estimate the rate of hydrolysis       
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  Fig. 10.4    Arrhenius plot of the rate of change in EVA resin acidity as a function of temperature. 
This plot allows the rate of change in acidity at temperatures representative of typical resin storage 
conditions (~20 °C)       
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energy estimated from the slope is ~46 kJ/mol. The Arrhenius plot provides a route 
to the determination of the rate of change in resin acidity at temperatures 
 representative of typical shelf storage conditions (20 °C) and ultimately leads to 
resin shelf life prediction based on our failure criteria that a resin exhibiting a pH of 
below 4 is deemed not suitable for use in manufacturing operations. This methodol-
ogy predicts a pH reduction rate of less than 0.5 over 6 months with a typical resin 
shelf life estimated within 2–3 years. This prediction is, however, highly dependent 
on the health or age of the material (as determined by zero time pH data) when fi rst 
prepared by the manufacturer.

    Figure  10.5  shows the results of GPC characterisation of the uncured EVA resin 
as a function of age. The chromatograms suggest a relatively broad distribution with 
weight average molecular weight within the range of 500,000–600,000 g/mol (rela-
tive to polystyrene standards). In particular, ageing induces an increase in the low 
molecular weight peak (at 12.3 mL) relative to the high molecular weight shoulder 
(at 11.5 mL) with a general shift to the right-hand side (towards lower molecular 
weight). The shift towards    relatively lower molecular weights is indicative of 
 thermally induced oxidative chain scission of the EVA and is agreed with observa-
tions reported on similar materials by Jing Jin et al. [ 11 ]. To determine whether 
these age-related changes infl uence the key properties of the material as an adhe-
sive, a series of mechanical property studies have been carried out and reported in 
our previous publication [ 12 ].
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  Fig. 10.5    Vinamul 3161 EVA resin molecular weight as a function of resin storage temperature 
(over 4 months) as measured by GPC. The weight average and number average trends fi t a power 
law relationship with accelerated ageing, inducing a gradual reduction in molecular weight through 
oxidative chain scission chemistry       
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       AS1160 Resin Ageing Studies 

 Our ageing studies clearly show that AS1160 resin is relatively hygroscopic and 
readily accumulates moisture; see Figs.  10.6  and  10.7 . All aged samples show ele-
vated moisture levels which are above specifi cation requirements (900 ppm) 
compared to zero time levels. This is particularly apparent for sample F4 which has 
been aged in relatively humid conditions.

    The results in Table  10.1  show that ageing also potentially elevates the hydroxyl 
concentrations which are above specifi cation limits (170 ± 10 mg/KOH g) compared 
to zero time values. However, it should be noted that the absorption of moisture may 
provide inaccurate hydroxyl concentration measurements due to the destruction of 
the esterifi cation reagent and so the hydroxyl values should be treated with caution. 

 In addition, complex changes in GPC molecular weight were observed that could 
be related to the acid/alcohol versus ester/water equilibrium shown in Fig.  10.8 . In 
the highest temperature ageing study (see Fig.  10.9 ), a signifi cant molecular weight 
increase was noted, while the remainder broadly decreased. As expected, the  sample 
aged under humid conditions had the largest initial decrease in molecular weight 
confi rming the sensitivity of the material to hydrolysis. There are also clear differ-
ences in open to air and sealed ageing regimes (see Fig.  10.10 ) presumably because 
ageing in open conditions leads to loss of low molecular weight species.

     With respect to    real-time ageing, a signifi cant decrease in  M  n  (number average 
molecular weight) and a smaller decrease in  M  w  (weight average molecular weight) 
during real-time ageing over 6 years  are shown in Table  10.2 . It is probable that 
relatively small increases in the population of low molecular weight oligomers have 
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led to this decrease, since  M  n  is strongly affected by low molecular weight 
 components of the molecular weight distribution. However, overall most aged sam-
ples showed values (after 28 days) that are not too different to baseline zero time 
data and suggest that Baycoll AS1160 may be fairly resilient to thermal ageing 
although real-time ageing does appear to suggest more signifi cant changes than that 
observed through accelerated ageing.

   Our infrared (IR) and nuclear magnetic resonance (NMR) spectroscopy did not 
show signifi cant changes in the material, either in real-time ageing over a 6-year 
period or in accelerated ageing.  
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  Fig. 10.7    AS1160 resin moisture content by Karl Fisher titration. All aged samples show an 
increase in moisture content       
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   Table 10.2    Data from real-time aged Baycoll AS1160 resin showing a reduction in GPC 
molecular weight (units in g/mol)   

 Date of analysis   M  n    M  w   Polydispersity ( M  w / M  n ) 

 2005  1,950  3,800  1.95 
 2011  1,081  3,573  3.31 
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    Polyurethane Adhesive Bond Strength 

 Although accelerated ageing suggests signifi cant changes in resin moisture levels 
and complex changes in molecular weight, these changes do not appear to adversely 
affect adhesive bond strength which still remains well within specifi cation limits 
(above 15 MPa); see Table  10.1 . The bond strength remains well within specifi ca-
tion limits even under harsh aggressive conditions, and it is unlikely that any moder-
ate change to the polyol properties will decrease this strength to the point where it 
no longer satisfi es the specifi cation limits. However, a general observation is that the 
quality and reliability of the adhesive joints produced is found to decrease as the 
resin ages. This is presumably because the absorbed moisture leads to increased 
carbon dioxide production (through reaction with isocyanate) leading potentially to 
a more porous and poor-quality adhesive joint. 

 Overall, the accelerated ageing study did not reveal any signifi cant changes in the 
mechanical properties of the adhesives even when unrealistic levels of water are 
present within the AS1160 resin. The resin is considered to be fairly resilient to 
thermal ageing, and the shelf life could be extended beyond the current manufac-
turer recommended 6-year limit, and storage in low humidity conditions is likely to 
promote shelf life.  

    Life Prediction Methodology and Future Direction 

 As demonstrated by the ageing studies reported in this paper, modern life assess-
ment techniques often rely on the Arrhenius treatment of data collected at elevated 
temperatures in service representative regimes, to predict key properties at service 
or shelf storage temperatures. This issue arises largely because of the absence of 
analytical methods that can detect and track the very small changes occurring at 
service temperature. In addition, there is a need to better understand the failure cri-
teria (or limits) representing the amount of age-related change that can be tolerated 
in order to understand the remaining service life of the material or component. The 
failure limits are often not known or understood at the individual material level or at 
the multi-material level, and engineering and/or physics assessments are often 
required to capture this information. 

 In most cases, the validation of predictions from accelerated ageing remains very 
diffi cult as real-time data from fi eld trials remains very limited and there remains 
signifi cant uncertainty on how to defi ne the simulated age (i.e. artifi cially acceler-
ated age) of multi-material assemblies. 

 To overcome some of these diffi culties, the future research direction in the life 
assessment of materials is to develop and make full use (where possible) of ultrasen-
sitive techniques (such as microcalorimetry or oxygen consumption). In the case of 
multi-material assemblies, a strategy to incorporate in situ diagnostic sensors (for 
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chemical and physical properties) to track age-related events is often adopted. This 
strategy should enable the rate of age-related changes to be monitored in real time, 
providing advance warning of potential issues and reducing the reliance on acceler-
ated ageing and Arrhenius-type treatments.   

    Conclusions 

 The ageing properties of Vinamul 3161 poly(ethylene-co-vinyl acetate) and AS1160 
polyester polyol resins have been investigated in support of shelf life assessment 
and to identify storage conditions that may extend product life. The temperature 
sensitivity of pH, combined with Arrhenius kinetics, was used to predict changes 
for EVA in conditions representative of normal storage conditions. In separate 
experiments, relatively short-term thermally accelerated sensitivity studies have 
been carried out on the AS1160 resin to investigate variables such as humidity, 
temperature and open/close ageing conditions. The AS1160 resin is highly hygro-
scopic and readily accumulates moisture. This is potentially associated with com-
plex changes in molecular weight, with ageing linked to the hydrolysis-ester 
formation equilibrium. However, these changes do not adversely impact adhesive 
bond strength, allowing the resin to be potentially used signifi cantly beyond the 
manufacturer recommended shelf life limit.     
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