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ABSTRACT

Unsaturated polyester and epoxy vinyl ester resins
have broad utility in composite applications. To-
day’s commercially available premium thermal
performance vinyl ester resins are derived from
novolac epoxies and methacrylic acid. These
products combine low viscosity with shelf stable,
yet fast curing properties, and enable fabricators
to manufacture composite parts with rapid
throughput for demanding environments. Howev-
er, fabricators often look to competitive materials
such as other specialty polymers, ceramics or
metals when environmental temperatures exceed
the serviceable range of today’s epoxy novolac
vinyl esters. The highest performance vinyl esters
achieve heat distortion temperatures (HDT) of
~165 °C, which precludes their use as a matrix
resin in the most demanding high heat applica-
tions. Presented herein are a series of extremely
high heat resistant vinyl ester resins which exceed
the HDT'’s of today’s commercially available high-
est performance vinyl esters. These new resins
are tested for retention of mechanical properties
at elevated temperature as well for corrosion re-
sistance in a range of chemical environments.

INTRODUCTION

Vinyl ester resins have a long history of use in
composite applications for harsh environments,
as they combine excellent mechanical properties
with very good corrosion resistance. Vinyl esters
(VE) are frequently the resin of choice where fabri-
cation methods compatible with unsaturated poly-
ester resins (UPR) are preferred, but where the
aforementioned properties of UPR fall short.
Epoxy novolac vinyl ester resins (NVE) offer im-
proved thermal performance over traditional bi-
sphenol A vinyl esters (BPAVE) and UPR. Similar
to unsaturated polyesters and bisphenol A vinyl

ester resins, NVEs are also cured with peroxides
via a free radical mechanism using traditional fab-
rication methods. The methacrylate groups readi-
ly copolymerize with styrene upon initiation and
propagation of the free radical reaction. The re-
sulting high crosslink density in the finished com-
posite part is a direct result of the NVEs multi-
functional methacrylate polymeric backbone
(figure 1), which contributes to premium thermal
performance.
Figure 1: Epoxy Novolac Vinyl Ester
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Some applications for NVEs include corrosion re-
sistant coatings, heat shields, chimney liners,
parts for flue gas desulfurization, composite tool-
ing, and other structural composite components
where high heat resistance is mandated. The ob-
jective of this study was to design higher thermal
performance novolac vinyl esters that can still be
processed according to the same methods used
in UPR and traditional VE resins such as filament
winding, hand lay/spray up, pultrusion, resin
transfer molding, vacuum infusion, and compres-
sion molding. End use targets for these new heat
resistant resins include the applications listed

above, as well as other segments such as in
downhole oil and gas production, power plants,
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under the hood automotive, and aerospace where
the demanding environments currently preclude
the use of existing VE technologies.

This report summarizes the details of several new
higher temperature modified novolac vinyl ester
resins (MNVE) candidates, and compares them to
today’s premium commercially available novolac
vinyl ester (CNVE). The general description of
each MNVE is shown in Table 1. Candidates are
designed for extremely high heat resistance, rang-
ing from very high cross link density, to toughened
analogs with higher elongation. In each case,
candidates are characterized and compared to
the benchmark CNVE. Liquid properties are
measured such as viscosity and gel time, and an
investigation is initiated for the utility of these new
resins at high service temperatures and harsh
environments. Measurements of retention of me-
chanical properties in both the neat clear cast as
well in laminates are performed. Thermogravi-
metric analysis (TGA) data is presented to further
examine thermal stability with weight loss as a
function of temperature.

In addition to high heat environments, NVEs are
often selected as a matrix resin for their corrosion
resistant properties. NVEs perform well in oxidiz-
ing environments with a pH < 9, such as hot, wet
chlorine or chlorine dioxide, as well as in environ-
ments with solvents, alcohols and glycols.
Screening corrosion tests were performed at ele-
vated temperatures where the new MNVE resins
are compared to the CNVE in acid (20% HCl(aq)),
base (5% NaOH(aq)), organic solvent (toluene)
and distilled water.

EXPERIMENTATION

Materials

All resins tested in this report were epoxy novolac
vinyl ester resins (NVE) prepared with proprietary
methods and formulas by AOC, LLC. Metal salts
were obtained from OMG, dimethyl aniline from
Sigma-Aldrich, peroxides from AkzoNobel and
United Initiators, and glass from Owens Corning.
Grades of glass used were Owens Corning woven
roving WR24/3010 (24.5 oz/yd2) and Owens
Corning chopped strand mat M723 (1.5 oz/sf).
Toluene (99.5%), aqueous hydrochloric acid
(37%), and sodium hydroxide pellets (97%), all
ACS reagent grade, used in the corrosion testing
were obtained from Sigma-Aldrich. Separate dilu-
tions were made with distilled water to prepare

solutions of 20% hydrochloric acid, and 5% sodi-
um hydroxide.

Table 1. Description of epoxy novolac vinyl esters (NVEs)
tested in this report.
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Liquid Property Measurements

Viscosity measurements were performed on a
Brookfield LV DV-II + viscometer. 340 g samples
were contained in a 400 mL beaker, tempered
and held at 25°C with viscosity measurements
run for 60 seconds with an RV #2 spindle at 20
rom. Gel times were performed on a Sunshine gel
meter model 22-B using 100 g of catalyzed resin
at 25°C. Peak temperatures were captured using
a Quick Disconnect RTD Omega thermocouple.

Clear Cast Preparation

Clear cast refers to the non-reinforced cured res-
in. Resin casts were prepared one of two meth-
ods, and these are specified in the results sec-
tion. 400 g Of resin was initiated with either (1)
1% by weight Trigonox C tert-butyl peroxybenzoate
(TBPB); or (2) 0.05% dimethylaniline, 0.15% of
12% Cobalt bis(2-ethylhexanoate) in mineral spir-
its, and 2% Trigonox K-90 cumene hydroperoxide
(CHP). The initiated resins were poured between
127x12” Mylar lined glass plates with 1/8” spac-
ers. The samples were placed in an oven and
ramped from 25 °C to 205 °C over the course of
30 hours. Resulting casts were cut to specimens
for mechanical testing, thermogravimetric analy-
sis and corrosion testing. In the section 3.3 Initia-
tor and post cure studies, other peroxides were
utilized and post cure schedules employed as de-
tailed in that section.
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Laminate Construction

ASME type Il laminates were prepared using the
CNVE and the modified higher thermal perfor-
mance MNVE candidates. The resins were formu-
lated with 0.05% dimethylaniline, 0.15% of 12%
Cobalt bis(2-ethylhexanoate) in mineral spirits,
initiated with 2% Trigonox K-90 cumene hydroper-
oxide, and cured at room temperature. The lami-
nates were all treated identically, made with sev-
en layers of glass alternating between M723
chopped strand mat and WR24/3010 woven rov-
ing (C, W, C, W, C, W, C). The laminates were 44%
glass by weight and 0.27” thick. After the lami-
nates cured 16 hours at 25 °C, they were then
post cured at 205 °C for 5 hours.

Mechanical Testing

The laminates and clear cast specimens of the
various resins were mechanically tested on an
Instron series 5984 Universal Testing System via
ASTM D638 (tensile) using a Epsilon Tech exten-
someter [3542-0200-025-HT2] and ASTM D790
(3-point flexural bend) using an Instron exten-
someter [2630-110]. Elevated temperature tests
were conducted via these ASTM methods with an
Instron Environmental chamber [3119-410] for
property retention. Corrosion samples and con-
trols were tested via ASTM D790 for flexural prop-
erty retention, before and after exposure.

Tensile tests speeds were set to 0.20”/minute.
Flexural test speeds and spans were set based on
the thickness of the sample per ASTM. The clear
casts were flexural tested at 0.05”/min with a
2.00” testing span. The laminates were flexural
tested at 0.115”/min with a 4.40” testing span.
The number of specimens tested per sample was
at least five per ASTM.

Additional tests were conducted on the clear
casts, including ASTM D2583 (Barcol hardness)
and ASTM D648 (Heat Distortion Temperature).
Barcol hardness was tested with a GYZ) 935-1
impressor on a flat level surface at room tempera-
ture. ASTM D648 utilized a Dynisco HDV 3 (DTUL/
VICAT) Tester equipped with Mahr Federal Maxum
Il displacement sensors. The Dynisco HDV 3 Test-
er's maximum operating temperature in air was
280°C due to its heat transfer medium, Dow
710R silicone fluid. Specimens were tested edge-
wise with a static flexural load of 264psi over a
3.94” span. The temperature of the tester was
increased at 2 °C/min until a 0.010” deflection

was observed in the specimens. Thermocouples
were used to report local temperatures once this
deflection was observed.

Thermogravimetric Analysis

Thin slices of the clear casts, ranging from 6-14
mg, were scanned once from 25 °C to 700 °C at
20 °C per minute using a PerkinElmer TGA 7. A 20
ml/min nitrogen purge gas flow was utilized. Each
sample was tared to 100% weight and held for 5
minutes at 25 °C under nitrogen gas prior to test-
ing. One determination was made per sample and
the thermal curve was reported. This Thermograv-
imetric Analysis test method falls roughly within
the guidelines of ASTM E1131 for determining the
thermal decomposition.

Corrosion Testing

Clear cast specimens were prepared according to
the method described in section 2.3 and im-
mersed in environments including distilled water
at 100 °C, toluene at 60 °C, 20% aqueous hydro-
chloric acid at 80 °C, and 5% aqueous sodium
hydroxide at 80 °C in a Glas-Col reactor for seven
days. There were five different specimens cut for
each different casting. These clear casts were
measured before and after immersion for absorp-
tion or weight loss and flexural property retention.

RESULTS

Liquid Properties

The MNVE resins were tested according to stand-
ard liquid property tests for gel profile and viscosi-
ty as a first step to ensure their compatibility with
traditional fabrication methods that are currently
employed for UPR and VE composite applications.
Table 2 lists liquid properties of today’s technolo-
gy and the higher heat resistant MNVE candi-
dates. Viscosities and gel times are in a normal
range for conventional fabrication methods, and
could be tailored with varying monomer content
or inhibitor/promoter adjustments as needed.
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Table 3. Flexural (ASTM D790) properties at 25 °C and HDT (ASTM

Table 2. Liquid properties of conventional NVE and modified D648) of the 1/8” non- reinforced clear casts for the con-ventional NVE
Resin Viscosity' | Gel Time? | Total Time? | Peak Exothern? | Specific and modified NVEs engineered for higher thermal performance. Resins
(cP) (min) (min) ©c) Gravity ® were cured with 1% TBPB and post cured according to schedule out-
CNVE 400 25 40 199 1.08 lined in experimentation section.
MNVE-1 460 26 39 210 1.09
MINVE2 220 " 2 206 108 Resin Flexural bFtergrhl Mel®Tllus
MNVE-3 300 19 25 196 1.09
MNVE-4 380 16 21 193 1.09 psi MP a ksi GPa °C
MNVE-5 540 16 22 188 1.09 I b+9 HHSphmpp cwmn 0 oH Mec
1<Broolr<field RV #2 spindlg, 20 rpm at'25 f’c . ab +m@ MPZy fmorT CMA noH HMp
2.Gel time run at 25 °C with 100 g resin with 0.15% of 12% Cobalt bis
(ethylhexanoate), 0.05% dimethyl aniline, and 2% Trigonox K-90
3Specific gravity at 25 °C ab+9 MpPZIdhpmorT c M noH Hp
Clear Cast Mechanical Properties ab+® [mMnzZofpohd cTn noc B Hyn
Premium mechanical properties are the hallmark
of vinyl esters, and high heat resistance is a key ab+® [McZHpmMH Jccn |ndc |B HYN
characteristic for novolac vinyl esters. Thus, phys-
ical testing is required as a part of this study to abxP |wpznpmnc fcwun |n®o |6 Hy~

evaluate higher thermal performance novolac vi-

. . . T a b |. &ensile properties (ASTM D638 ) at 25 °C of the 1/8” non-
nyl esters. The validation of these candidates me- ( )

reinforced casts for the conventional NVE and modified NVEs engi-

chanically begins with testing non-reinforced clear neered for higher thermal performance. Resins were cured with 1%
cast specimens. Clear casts were prepared by TBPB and post cured according to schedule outlined in experimenta-
curing the resins with 1% TBPB and post curing as tion section.
outlined in the experimentation section. Tables 3
and 4 summarize flexural, HDT, and tensile prop- Resin|Tensil e SitTemgitlhe Molcewlsud]|e
erties, respectively. Higher HDT was achieved in Elongalt on
all the candidates at the expense of strength and
elongation. psSi MPa | ks GP a %

[/ b+x9 | MHZnAly o ppn 0 dy HOy
MNVE-1 and MNVE-2 achieve high flexural

ab =@ yXZHnn|lprT cpn n®p MPT

strength, with moderate tensile strength. Clear
casts derived from MNVE-3, MNVE-4, and MNVE-5 ab+® | dZnnn|cp p dn nom HOM
all exhibit HDT values that exceed the capability

of the Dynisco HDV 3 tester at > 280 °C. MNVE-1 abx8 |Trnnnipn pyn nen Mo
and MNVE-2 achieve high flexural strength, with ab+® |mMnZcaro ppn nowm H®o
moderate tensile strength. MNVE-2 and MNVE-2 ab+® |mMnzonlm DTN o dP Hdo
are only second to MNVE-3 in crosslink density of

the presented candidates, but are also modified

with toughening agents. These toughening agents Initiator and Post Cure Studies

contribute to higher elongation than the other In general, the method to achieve the maximum
candidates while retaining the ultra-high heat dis- heat distortion temperature in a composite or clear
tortion temperatures. Glass transition tempera- cast is to exceed the glass transition temperature of
tures (Tg) were not able to be obtained by DMA the matrix resin in the post cure while maximizing
(dynamic mechanical analysis) or DSC degree of cure. In all studies in this report, speci-
(differential scanning calorimetry). Specimens mens were post cured to 205 °C, with the exception

shattered in the DMA below their

of this section. Lower post cure temperatures were
investigated along with alternate peroxides in order
to achieve maximum compatibility with methods
used by fabricators today. Post curing to 205 °C
may not be possible in some instances for fabrica-
tors, therefore room temperature gelling and lower
post cure temperatures were pursued.

HDT without yet recording a Tg, and no thermal
event resembling Tg was visible in the DSC either.
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Utilizing the MNVE-3 candidate for this study with
2% cumene hydroperoxide (Trigonox K-90) with
0.05% dimethyl aniline and 0.15% of 12% cobalt
(bis ethylhexanoate) and gelling at room tempera-
ture, without any post cure, an HDT of only 85 °C
was obtained in the clear cast. However, the
HDT, with only one hour at 120 °C post cure, dra-
matically increases to > 280 °C. Itis possible the
specimens continued to cure during the HDT
measurement itself, but a minimum threshold of
cure seems necessary via post cure to achieve a
high HDT, as evidenced by the HDT of MNVE-3
clear cast with 2.0% cumene hydroperoxide room
temperature gel without post cure. Alternative
catalysts also produced different results. MNVE-3
clear cast made with 1.25% MEKP-925H, 0.15%
of 12% cobalt (bis ethylhexanoate) and gelling at
room temperature, a five hour post cure at 160 °C
achieved an HDT of > 280 °C. Attempting to cure
XR-4198 and the other candidates with 98% ben-
zoyl peroxide and heat resulted in crack clear
casts despite gentle ramp rates.

Elevated Temperature Mechanical Properties

The target composite applications for these NVEs
are in high temperature environments. While me-
chanical properties at room temperature (25 °C)
provide relative data to other existing technolo-
gies, and the HDT indicates these may be suitable
at elevated temperature, elevated temperature
mechanical testing is needed to validate these
resins. Specimens for each NVE were mechani-
cally tested as clear casts and laminates. Clear
casts were prepared as in section 2.3. Tensile
and flexural properties, thus performance at ele-
vated temperatures were measured as percent
retention versus their tested values at 25 °C
(equation 1). Percent retention of physical prop-
erties at 150 °C and 200 °C of the clear cast res-
ins are shown in Figure 2. The clear cast tests at
elevated temperature demonstrate when the HDT
of the CNVE is exceeded, the preservation of prop-
erties rapidly declines. While at 150 °C there is
some loss of properties, for the lower HDT resin,
CNVE, when the environment is 200 °C, retention
values are significantly lower for CNVE, dimin-
ished compared to the higher HDT modified novo-
lac vinyl ester resin candidates.

Percent Retention = [(Property value at X °C) x
100 ]/ [Property value at 25 °C] [1]

Mechanical Property Percent Retention at 150 °C and 200 °C
Relative to Values at 25 °C
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Figure 2. Clear cast (non-reinforced) mechanical properties
percent retention at elevated temperatures relative to 25 °C
for the conventional NVE and modified NVE’s engineered for
higher thermal performance.

Vinyl ester resin is often combined with glass in
most composite applications, and therefore glass
reinforced laminate testing at elevated temperature
is critical. Glass reinforced type Il laminates, with
alternating chopped strand mat and woven roving,
were prepared as 44% glass and 0.27” thick. Speci-
mens were cut for flexural and tensile tests and re-
sults are shown in Tables 5 and 6. Laminates were
tested at 200 °C, far above the

HDT of the CNVE. In these results, the marked im-
provement of the new MNVEs over the CNVE is
most evident. Tensile properties are well maintained
for MNVE-3 and MNVE-5, the highest HDT candi-
dates, while these candidates also perform best in
the flexural testing. The differences in mechanical
property percent retentions are most clearly visual-
ized in Figures 3-6.
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Table 5. Flexural properties (ASTM D790) of type Il laminates de-
rived from conventional NVE and modified NVE’s engineered for
higher thermal performance at 25 °C and 200° C.
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Table 6. Tensile properties (ASTM D638) of type Il laminates de-
rived from conventional NVE and modified NVE’'s engineered for
higher thermal performance at 25 °C and 200 °C.
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Figure 6. Type 2 laminate ASTM D-790 flexural modulus at

Figure 3. Type 2 laminate ASTM D-638 tensile strength at 25 25 °C and 200 °C
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Thermogravimetric Analysis
Type II Laminate Tensile Modulus While the retention of mechanical properties at
m200°C =25°C elevated temperatures improved in all candi-
P 138 dates, weight loss is another factor that deserves
o consideration when qualifying a material for ser-
vice at high temperature. Thermogravimetric
g analysis (TGA) was performed on non-reinforced
leo © clear cast candidates, as well as the commercially
available product. These were parts of the same
135 casts prepared for testing in section 3.2. TGA re-
quires a small sample, usually milligram quanti-
1o ties, that is heated and mass is recorded. In the
//" case of all resins tested, less than 3% is lost by
0 CNVE MNVE-1 MNVE-2 MNVE.3 MNVE.S 350 °C, followed rapid decomposition occurs at
about 400°C. Additional testing will be per-
Figure 4. Type 2 laminate ASTM D-638 tensile modulus at 25 formed with larger cast and laminate samples
°Cand 200 °C heated under air in an oven held at elevated tem-

peratures.
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Corrosion Resistance

Since NVEs are often selected for their corro-
sion resistant properties, several screening
tests were performed with ranging polarity in-
cluding acid, base, organic solvent and water
were performed. Clear cast samples were pre-
pared by curing with 2% CHP, and post cured
as described above. Tests were run by im-
mersing clear cast specimens in environments
at elevated temperatures for one week. Flexur-
al properties (ASTM D790) were obtained prior
to, and after exposure. The retention of
strength and modulus are used to determine
the performance in each environment. The
results are summarized in Table 7.

The CNVE performed exceptionally well in all
environments, and outperformed the higher
heat resistant candidates in the aqueous tests
(distilled water, acid and base). However, the
modified novolac vinyl esters performed better
in organic solvent (toluene), possibly due to the
lower concentration of aromatic character and
higher crosslink density in the modified candi-
dates. Weight changes were recorded for all
specimens; similar to the flexural retention
results, the CNVE performed slightly better
than the candidates designed for higher heat
resistance. In toluene, all resins behaved simi-
larly in weight loss. The results are summa-
rized in Table 8.

Further corrosion tests will be required before
recommending these higher thermal perform-
ing MNVEs in aqueous environments. Howev-
er, the promising results in the organic solvent
(toluene) indicate that modified novolac vinyl
esters perform at least as well as the commer-
cially available novolac vinyl ester. Suitability
for corrosive environments at various tempera-
tures must be considered on a case by case
basis with longer term testing, and sometimes
validated or performed by third parties.

Table 7. Percent retention of clear cast flexural properties (ASTM
D790) after exposure in corrosion environments relative to initial
values prior to exposure. Clear casts were cured with 2% CHP and
post cured according to the method outlined in the experimental
section and immersed in environments for 1 week.
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Table 8. Percent weight change of clear cast NVEs after exposure
to environments at elevated temperature for 1 week.
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CONCLUSIONS

Modified epoxy novolac vinyl ester resins designed for
premium thermal performance were characterized
and presented. Liquid properties of these candidates
indicated that the resins would be compatible with
traditional fabrication methods used for unsaturated
polyester and vinyl ester resin composite production.
Viscosity and gel time may require further tailoring for
specific applications, but these minor modifications
would not have an effect on the validation tests pre-
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sented in this study. Corrosion properties of
these candidates were slightly compromised
compared to the commercially available novo-
lac vinyl ester, but still performed acceptably
well for the tested environments. Specific
testing would be required before use in corro-
sion application. All candidates demonstrat-
ed improved elevated mechanical properties
compared to the commercially available novo-
lac vinyl ester in both in laminates and clear
cast testing. Further study is required with
thermal aging and weight loss to define ac-
ceptable service temperatures.
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