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ABSTRACT: The rapid progress in silicon carbide (SiC)-based technology for high-power
applications expects an increasing operation temperature (up to 250 °C) and awaits reliable
packaging materials to unleash their full power. Epoxy-based encapsulant materials failed to
provide satisfactory protection under such high temperatures due to the intrinsic weakness
of epoxy resins, despite their unmatched good adhesion and processability. Herein, we
report a series of copolymers made by melt blending novolac cyanate ester and
tetramethylbiphenyl epoxy (NCE/EP) that have demonstrated much superior high-
temperature stability over current epoxies. Benefited from the aromatic, rigid backbone and
the highly functional nature of the monomers, the highest values achieved for the
copolymers are as follows: glass-transition temperature (Tg) above 300 °C, decomposition
onset above 400 °C, and char yield above 45% at 800 °C, which are among the highest of
the known epoxy chemistry by far. Moreover, the high-temperature aging (250 °C)
experiments showed much reduced mass loss of these copolymers compared to the
traditional high-temperature epoxy and even the pure NCE in the long term by suppressing hydrolysis degradation mechanisms. The
copolymer composition, i.e., NCE to EP ratio, has found to have profound impacts on the resin flowability, thermomechanical
properties, moisture absorption, and dielectric properties, which are discussed in this paper with in-depth analysis on their
structure−property relationships. The outstanding high-temperature stability, preferred and adjustable processability, and the
dielectric properties of the reported NCE/EP copolymers will greatly stimulate further research to formulating robust epoxy molding
compounds (EMCs) or underfill for packaging next-generation high-power electronics.
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1. INTRODUCTION

Electric vehicles (EVs) and hybrid electric vehicles (HEVs)
continue to strive in the global automotive markets as to tackle
the stringent needs of seeking alternative energy sources and
reducing CO2 emissions.1 As key power electronic components
in these electricity driven cars, converter and inverter
technologies used in drivetrain and charging systems (for
plug-in HEV) are exerting to boost the efficiency of power
transmission.2,3 Higher power density and further miniatur-
ization of these electronic devices are called for to achieve the
above-mentioned goals in the drivetrain electrification. The
next-generation wide-band-gap (WBG) semiconductors,
namely, silicon carbide (SiC) and gallium nitride (GaN) will
be the driving force to bring about revolutionary changes, with
their capabilities far exceeding the silicon technology by
supporting high-voltage/temperature operation, fast switch
characteristics, and superior thermal conductivity.4

Packaging the WBG chips has, however, become a grand
challenge and, in fact, the bottleneck to exploit the full
potential of these chips at the desired operation temperature
(250 °C for future SiC).5 Of these components, the

encapsulant, such as an epoxy molding compound (EMC),
underfill and glob top, is one of the key enablers for long-term
package reliability. It protects the chip and interconnects
against dust, moisture, chemicals, and mechanical stresses from
both internally and the environment.6 Compared to the
traditional silicone gel sealing, the fast-adopted molded power
cards encapsulated by EMC offer advantages including
modular design, compacted form factor, and the ability to
inject mold-complicated structures in three-dimensional (3D)
packages or double-sided cooling modules.7,8 Though
tremendous progresses in epoxy and epoxy composite
technologies have been seen in the recent years,9−11 typical
epoxy (EP) resins could not withstand a continuous operation
at a temperature above 150 °C, even with higher end products
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with higher aromaticity in backbones and higher cross-link
densities.6,12 Their low glass-transition temperatures (Tg)
expose the high coefficient of thermal expansion (CTE) to
other substrates, generating interfacial stress that could lead to
failure. Furthermore, the resins suffer from degradation and
further decompose under high heat for a prolonged period,
which severely deteriorate the physical and mechanical
properties of EMCs that are crucial to protect the package.
Novel moldable epoxy chemistry showing enhanced thermal

stability is therefore highly desired to formulate reliable EMC
materials under such high operation temperatures. Blending, or
preferably copolymerizing, with other high-temperature
polymers has been proven to be a very useful method to
improve the heat resistance of epoxy. Polyimide,13,14

bismaleimide,15,16 and cyanate ester (CE)17,18 are some of
the candidates that have drawn widespread attention for this
use. CE makes use of the cyclotrimerization of cyanate groups
to form aromatic triazine rings in situ, providing a superior
thermal stability in the cured resin.18 The relatively large free
volume and low polarity of the cured resin further endow
preferred dielectric properties, i.e., low dielectric constant and
loss, for high-frequency applications. More importantly, the
mature knowledge of copolymer chemistry on CE and epoxy
offers the greater freedom of handling the copolymers of both.
The early works demonstrating the CE and epoxy

compounds can be dated back to the early 1970s from
Mitsubishi Gas Chemical Co., where they synthesized
bismaleimde/triazine (BT) resin for high-temperature sub-
strate applications,19 although the product suffered from severe
blistering due to impure CE monomers. Since then, a great
deal of interest was shared by both academia and industries to
acquire the understanding of the CE/epoxy copolymer
chemistry and to synthesize satisfactory resins for various
applications. Extensive works done by Shimp,20,21 Ising,22,23

Bauer and Bauer,24−26 and Hamerton27−29 have laid solid
foundations and paved the way for us to utilize the fascinating
properties of CE/EP copolymers with desired processability
and high-temperature performances. Aiming at enhancing the
high-temperature stability of epoxy for EMC applications in
power packages, we have been thoroughly investigating
selected CE/EP systems to gather information including
their intrinsic properties and degradation pattern under high-
temperature aging conditions.30−32 Counterintuitively, the
high Tg formulations with rich CE feeds normally experienced
larger weight losses and severe blistering in the aging studies.
In our previous work, the hydrolysis degradation of cyanate
groups and decomposition of carbamates were identified to be
responsible for this premature failure in these resins. The
unsatisfactory high-temperature aging stability of the current
CE/EP system motivates further exploration into high-
performance monomers; to name one, the novolac type CE
monomers that are known to support excellent high-temper-
ature properties.
In this work, we report an extremely high heat-resistant

novolac CE/tetramethylbiphenyl epoxy (NCE/EP) copolymer
series with varied compositions. The thermomechanical and
thermal properties of the polymer were examined through
thermomechanical analysis (TMA), dynamic mechanical
analysis (DMA), and thermal gravimetric analysis (TGA),
revealing the increasing trend of both Tg (up to 300 °C) and
decomposition onset T10% (above 400 °C) and char yield
(CR) with increasing NCE ratios. The addition of epoxy, on
the other hand, rendered control over the flowability of the

uncured resin, which is critical in handling compounding and
injection molding of EMCs. The dielectric properties and the
moisture absorption kinetics of the resin have also been
analyzed and discussed in detail. During the long-term high-
temperature (250 °C) aging, all copolymer samples exhibited
similar weight loss behavior that significantly outperformed the
typical epoxy-anhydride chemistry and our previous bisphenol
A CE/EP systems. Other changes in the properties including
CTE, Tg, and decomposition of these aged samples are also
reported and compared. The encouraging results from this
study recommend the NCE/EP copolymer resin as a
promising candidate to prompt future research and applica-
tions in packaging future high-power devices.

2. EXPERIMENTAL SECTION
2.1. Materials. Primaset PT-30 cyanate ester resin (NCE) was

supplied by Lonza AG (Basel, Switzerland). Tetramethylbiphenyl
epoxy (TMBP) with an epoxide equivalent weight of 197 was
supplied by Mitsubishi Chemical Corporation (Tokyo, Japan).
Copper(II) acetylacetonate (Cu(II) acac, >99.99%) and nonylphenol
(technical grade) were purchased from Aldrich. The reagents were
used as received.

The chemical structures of the NCE, TMBP, and the Cu(II) acac
catalyst are shown in Figure 1.

2.2. Preparation of NCE/EP Copolymer Samples. All of the
polymer blends were based on the molar ratio between cyanate
groups from NCE and epoxide groups (i.e., NCE/EP 13 represents
formulation with cyanate/epoxide of 1:3 molar ratio). In this work,
five different NCE/EP copolymer compositions ranging from 1:3 to
3:1 molar ratio (namely 1:3, 1:2, 1:1, 2:1, and 3:1) were investigated.
The monomers were melted at 130 °C with magnetic stirring in an
aluminum weighing pan (28 mm diameter). The catalyst Cu(II) acac

Figure 1. Chemical structures of Primaset PT-30 cyanate ester resin
(NCE), tetramethylbiphenyl epoxy, and copper(II) acetylacetonate.
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and the cocatalyst nonylphenol were premixed at a desired ratio and
added drop wise into the monomer melt at a concentration of 360
ppm of Cu(II) ions and 3 phr (parts per hundred resin) of
nonylphenol to the NCE resin. The curing schedule of the samples
was 2 h at 150 °C, 2 h at 200 °C, and 3 h at 250 °C, with an
increasing rate of 10 °C/min in between the stages, in a convection
oven. A control high-temperature epoxy sample was made by blending
ESCN 195XL resin (ECN) (Sumitomo Chemical, Tokyo, Japan) with
methylhexahydrophthalic anhydride hardener (Lindride 52D, Lindau
Chemicals Inc., Columbia) at a 1:0.85 weight ratio and cured for 2 h
at 150 °C followed by 2 h at 200 °C. The final cured disk-shaped
samples were polished for aging tests and cut into desired dimensions
for thermomechanical tests.
2.3. Characterization. Differential scanning calorimetry (DSC)

was performed at an increasing rate of 10 °C/min from 40 to 350 °C
under a 50 mL/min nitrogen flow (DSC Q2000, TA Instruments,
New Castle). In each scan, approximately 10 mg of the sample was
encapsulated in aluminum sealed pans without piercing. Rheological
properties of the polymer were tested by a hybrid rheometer by
increasing at 10 °C/min from 120 to 240 °C or until the complex
viscosity reached 20 000 Pa·S (Discovery HR-2, TA Instruments, New
Castle). Thermal mechanical analysis (TMA) was performed at an
increasing rate of 20 °C/min from 40 to 300 °C under a 50 mL/min
nitrogen flow (TMA Q400, TA Instruments, New Castle) with an
expansion probe. The TMA samples were prepared by cutting the
cured resins to a size of 10 mm × 10 mm × 1 mm. Dynamic

mechanical analysis (DMA) was performed in a tension mode with
the film dimension at 10 mm × 8 mm × 1 mm, with an increased rate
of 3 °C/min from 40 to 300 °C in an air atmosphere at an oscillation
frequency of 1 Hz (DMA Q800, TA Instruments, New Castle). The
thermal gravimetric analysis (TGA) tests were programmed to
increase at 20 °C/min from 40 to 800 °C under a 50 mL/min
nitrogen flow (TGA Q50, TA Instruments, New Castle) using
approximately 10 mg of the sample in platinum Q50 pans. The same
decomposition weight profile under an air atmosphere (100 mL/min)
increased again at 20 °C/min from 40 to 800 °C was obtained from a
Simultaneous DSC ad TGA (SDT Q600, TA Instrument, New
Castle) with 10 mg of sample in an alumina pan. The disk-shaped
samples with 28 mm diameter and approximately 1 mm thickness
were used in all of the following tests. Dielectric permittivity and loss
of the samples were scanned from 1 MHz to 1 GHz (E4991A RF
Impedance Analyzer, Agilent, Santa Clara) at room temperature.
Fourier-transform infrared spectroscopy (FTIR) was performed using
a diamond attenuated total reflectance (ATR) mode (Nicolet iS5 FT-
IR spectrometer, Thermo Scientific, Waltham) with a resolution of 4
cm−1 from 500 to 3500 cm−1, and 64 scans were done for each
sample. An in situ FTIR measurement to track down the chemical
structure evolutions during cure was carried out on samples quenched
at a desired temperature with an increase rate of 10 °C/min. The
moisture absorption measurement was performed at 85 °C/85
relative humidity (RH) atmosphere (MicroClimate bench top
environmental chamber, Cincinnati SubZero Inc., Cincinnati); the

Figure 2. (a) DSC thermogram, (b) viscosity during temperature increase of NCE and NCE/EP monomer blends, (c) FTIR spectra of cured NCE
and NCE/EP copolymers, and (d) main chemical reactions within the CE/EP system21 (reproduced with permission from ref 21 Copyright 1995,
Elsevier).
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samples were taken out at different time intervals to measure the
weight gain. The high-temperature aging test was performed at 250
°C in circulating air (825f convection oven, Fisher Scientific,
Waltham) where weight loss, chemical structure, and thermomechan-
ical properties of the samples over aging time as well as the chemical
structure change were recorded.

3. RESULTS AND DISCUSSION

3.1. Curing Behavior of NCE/EP Copolymers. The
curing behavior of the copolymers was analyzed by both DSC
and rheological studies, and is shown in Figure 2a,b,
respectively. In the presence of a Cu2+ catalyst, the exotherm
onset of pure NCE was suppressed to as low as 120 °C. For the
copolymers, a rather diffracted pattern was shown while
generally two major peaks could be found. First of all, when
increasing the epoxy concentration, the melting occurred at
below 100 °C, which is inherited from the tetramethylbiphenyl
epoxy and which is in solid form at room temperature. At the
same time, the onset of the low-temperature peak shifted
upward, while the area underneath it decreased. The opposite
trend was noticed for the second curing exotherm. Based on
our previous work and the results documented in the
literature,25,32,33 it could be identified that the low-temperature
exotherm represents the cyclotrimerization reactions of CE
(Figure 2d,i), where the higher EP feed ratios diluted such
reactants, while the copolymerization between CE and EP
needs to be triggered at a further increased temperature where
such peaks become evident in the EP-rich formulations.
The viscosity of the copolymers and their gel behavior

during curing is shown in Figure 2b. The low viscosity of the
epoxy monomers is crucial for the compounding process in
producing EMC pellets or liquid-type EMCs, as a loading level
of above 90 wt % of silica has become the general trend to
render the ultra-low CTE properties in these EMCs to handle
warpage issues at the wafer level and low profile advanced
packaging.34,35 In addition, the flowability of the compound
during injection molding is a key parameter to be considered
for evenly distributed void-less encapsulation in fine pitch
applications, where highly flowable base resins are favored to
compensate the appreciable viscosity increase due to the
reduction in the filler size. In this system, a rather low complex
viscosity of less than 0.1 Pa·s was observed in the pure NCE
heated to 120 °C. With the incorporation of epoxy, which
functions as a diluting agent,36 the viscosity of the monomers
was further gradually reduced to a level below 0.01 Pa·s. These
intriguing features suggest that these polymer blends are ideal
for processing heavily loaded compounds, owing to the fact
that their flowability could be adjusted through composition
control. The gel behavior of the copolymers agreed well with
the curing thermogram. The viscosity of the mixture gradually
increased upon heating and a dramatic increase was observed
that leads to the gel point, which marks the degree of cure
where the infinite cross-linked network structure is con-
structed. This viscosity buildup occurred at roughly the same
temperature of the onset of the first exothermic peak in DSC
plots for each formulation, where higher epoxy concentrations
introduced a larger processing temperature window.
The chemical structures of the cured polymers could be

interpreted from the FTIR spectra in Figure 2c. A clear trend
of increasing triazine (1543 and 1360 cm−1) content was
evidenced when increasing the NCE feed ratio in the blend,
along with the decrease of the copolymerization product
oxazolidinone (1743 cm−1) content. In other words, and quite

intuitively, the cured resins from NCE-rich formulations are
dominated by triazine structures, while those with high epoxy
concentrations present stronger copolymer characteristics. The
rigid and highly aromatic triazine structures endow the high Tg
and good heat-resistant properties in the high NCE
formulations, as evidenced in the thermomechanical properties
presented in the following section. It is, however, worth
noticing that after the curing at 250 °C for 3 h, pure NCE was
still not fully cured with the evidence of remaining doublet
peaks of cyanate groups at 2250 cm−1. The multifunctional
nature and the closely packed novolac structure of the NCE
have increased the difficulty in fully consuming the cyanate
groups, where the cyclotrimerization requires three cyanate
groups to be gathered together, especially in the diffusion-
controlled curing stage when the Tg of the resin surpasses the
curing temperature. At the same time, prolonged high
temperature holding for further cure could bring in concurrent
high-temperature degradation issues. In fact, the standing out
carbonyl groups at ∼1690 cm−1 could be attributed to the
carbamate formation from cyanate groups.37 This carbamate
decomposes at over 190 °C to release CO2 gas,

21 which could
cause blistering problems in the product. This competition
between further cure and decomposition at the same time
creates the dilemma of higher temperature or longer time
cures. By introducing epoxy monomers in the system, full
conversion of the cyanate groups was achieved, as they provide
an alternative path in consuming these cyanate groups. This
fact would account for the enhanced high-temperature aging
stabilities of the copolymers discussed in the later section.

3.2. Thermomechanical Properties of NCE/EP Co-
polymers. The thermomechanical properties of the NCE/EP
blends were investigated by various characterizations. The
results from TMA tests are listed in Table 1. The CTE of the

cured resin is a vital parameter, as its mismatch with those of
the silicon, substrate, or solder joints is the source of
accumulated thermal stress during molding and thermal
cycling, which could lead to severe warpage or interfacial
delamination/crack issues.38 A combination of low CTE and
high Tg of epoxy resin is favored for EMC application, as for
high Tg resins, less or no portion of α2 CTE (usually several
times higher than α1 CTE) is exposed to the operation
temperature. In this system, the Tg of the copolymer
determined by TMA increased linearly with NCE portions in
the feed, from 161.0 to 272.5 °C with the cyanate to epoxide
ratio ranging from 1:3 to 3:1. The NCE/EP 21 and 31
formulations showed a Tg higher than 250 °C, which is higher
than most harsh environments in consumer or automotive
applications. The α1 CTE of the resins were within typical
ranges around 60 ppm/K, while the α2 CTE displayed a
general trend of first decreasing and then increasing values
along the NCE concentration. This CTE variation of a

Table 1. Parameters from TMA Tests on NCE/EP
Copolymers Including the Tg and CTE before (α1) and after
(α2) Glass Transition

NCE/EP TMA Tg/°C α1/ppm/°C α2/ppm/°C

13 161.0 65.4 528.0
12 220.5 69.3 238.7
11 226.6 75.2 355.2
21 251.0 52.8 133.5
31 272.5 50.9 193.9
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rubberized resin at above Tg implies the cross-link density
difference, where by increasing the content of NCE in the
formulation, the cross-link density initially increased and then
decreased. The introduction of NCE initially in the epoxy
offered more cross-linking sites, while for high NCE
formulations, the dominant trimerization reaction (that
requires three cyanate groups at each cross-linking knot)
over copolymerization inevitably reduced the cross-link
density, presenting the more CE-like characteristic.
Thermal stability of the copolymer system is further

evaluated through DMA and TGA. Figure 3a shows the
storage modulus of the copolymers, where with increase in the
NCE ratio, the modulus before glass transition first increased
and then decreased, in line with the cross-link density trend in
TMA. Figure 3b shows the tan δ profiles of the NCE/EP
copolymers from the DMA test to capture Tg of the material
from the DMA test. The parameters extracted from the DMA
test including Tg and storage modulus in the rubbery state,
used to calculate the cross-link density, are listed in Table 2.
An extraordinary Tg of above 400 °C was obtained for the pure
NCE polymer, benefited from the high aromaticity. Similar to

the TMA results, the Tg of the NCE/EP copolymer from the
DMA test showed a linear increasing trend when increasing the
NCE content in the system, with the lowest already reaching
above 170 °C. The high Tg values for all formulations is a
combination result of the rigid building blocks from both
monomers and the cross-link points, which are both sterically
hindered for relaxation. A Tg of above 300 °C from the DMA
test was successfully obtained in the blend system for NCE/EP
21 and 31, significantly higher than those of the traditional
epoxy materials (epoxy/anhydride as a reference in Figure 3
and Table 2), and the previously reported CE/EP systems
struggle to achieve 250 °C.12,17,30,32,36,39−43 Also, in line with
the observed α2 CTE of the copolymers series, the same trend
of cross-link density was observed in the DMA studies, first
from the area under the tan δ peaks. The damping properties
imply the internal molecular restraints when the polymer
experiences glass transition, and that polymers with lower
cross-link density present more lossy characteristics, i.e., a
larger out-of-phase component (loss tangent) in the strain/
stress responses. In this system, a first decreasing and then
increasing trend of the peak area was captured when increasing
the NCE concentrations in the feed, suggesting the exact
opposite trend of the cross-link density. A more detailed
estimation of cross-link density was given by the analysis of
storage modulus of the polymer in its rubbery region44−46 as

= ′
′

X
E
RT3c (1)

where Xc is the estimated cross-link density, E′ is the storage
modulus in the rubbery region (at 30 °C higher than Tg), R is
the ideal gas constant (R = 8.314 J/(mol·K)), and T′ = Tg + 30
°C. The calculated results are shown in Figure 3c and listed in
the last column of Table 2. The same trend again supports the
conclusion from TMA studies and the discussions on the
damping properties. The initial increase in cross-link density

Figure 3. DMA (a) storage modulus and (b) tan δ profile; (c) estimated cross-link density (Xc) from rubbery modulus; TGA weight loss profile in
(d) N2 and (e) in air; and (f) temperature at 5% weight loss (T5%) and limited oxygen index (LOI) of cured NCE and NCE/EP copolymers.

Table 2. DMA Thermomechanical Properties of NCE/EP
Copolymers, Including Tg, Storage Moduli at Rubbery
Region, and the Calculated Cross-Link Density

NCE/EP
DMA
Tg/°C

E′ at 30 °C above
Tg/MPa

cross-link
density/10−3 mol/cm3

EP/AN 144.0 63.4 14.6
13 170.1 81.6 16.3
12 214.2 224.8 36.9
11 278.0 170.6 22.2
21 305.8 141.3 16.9
31 314.8 114.3 13.3
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from the epoxy-dominant formulations should be related to the
additional reaction mechanisms from NCE to the ring opening
of epoxides. The highest cross-link density appeared at a
medium NCE concentration, and further increase of the NCE
content resulted in the loss of cross-link density as in cured CE.
The thermal decomposition behavior of these copolymers is

monitored by TGA, shown in Figure 3d,e, with parameters
subtracted from the curves summarized in Table 3. The

temperature at 5% weight loss (T5%) and the estimated limited
oxygen index value are plotted against NCE content in Figure
3f for better illustration. As shown in Figure 3d,f, once again,
the copolymer resin showcased a much-improved thermal
stability compared to the epoxy/anhydride formulation, and a
linear positive correlation of decomposition temperature and

NCE concentration was found, where for NCE/EP 31
formulation, the 5% weight loss temperature remarkably
achieved 400 °C in both N2 and air, with the latter one
being representative for the real applications in oxidative
environments. In these environments, in addition to the typical
chain scission and radical formation when approaching the
decomposition limit, oxygen brings about the formation of
peroxide radicals that are highly unstable and easily transferred,
accelerating the degradation process. However, these effects
are not significant in our systems, as the decomposition onset
in air is similar, in fact slightly higher, to that in N2 for many
formulations. The onset weight loss is still thermodynamically
governed by the bond energy of the weakest links to the
evaporable components. The rapid coupling of the peroxide
radicals may even introduce further vitrification, thereby
elevating the breakdown temperature. The novolac building
blocks and the formed triazine structures in the NCE-rich
copolymers were credible for the enhancement of thermal
robustness of the copolymer network, postponing the
decomposition onset via both the presence of bulky thermal
stable repeating units and the restrained diffusion/radical
transfer in these high Tg resins lacking chain mobilities.47 In
addition, the residue weight of these polymers after
decomposition in N2 (above 60 wt % remaining at 800 °C
for NCE) is also quite eye-catching, and high char yield is
known to be beneficial for flame retardance properties, which
are crucial for EMC to protect electronic devices under fire
environments. It also became quite clear that in the second
stage of weight loss in air (the burning of char, at above the
decomposition limit of around 450 °C), the high NCE
formulations demonstrated the greatly enhanced flame

Table 3. Summarized Parameters from TGA Thermogram
of the NCE/EP Blends, Including the Temperature at 5 and
10% Weight Loss, Residue Weight at 800 °C (Char Yield),
and Estimated Limited Oxygen Index (LOI)

NCE/EP
T5% in
N2/°C

T10% in
N2/°C

T5% in
air/°C

T10% in
air/°C

char yield at
800 °C in
N2/% LOI

EP/AN 302.4 365.4 340.8 376.8 9.4 21.3
13 360.2 378.1 374.0 391.8 16.8 24.2
12 369.3 384.7 376.3 393.6 18.4 24.9
11 378.0 391.5 380.3 391.0 25.9 27.9
21 386.5 402.0 392.4 402.2 35.9 31.9
31 400.9 413.0 399.7 408.4 47.3 36.4
10 443.9 452.5 436.9 446.7 61.0 41.9

Figure 4. (a) Dielectric constant (Dk) and loss tangent (Df) at 10 MHz, (b) moisture absorption of the NCE and NCE/EP copolymers under the
85 °C/85 RH condition, (c) example of analysis of the initial diffusion-controlled phase of moisture uptake in NCE/EP 11 under the 85 °C/85 RH
condition, and (d) summarized diffusion coefficients of moisture ingression in the NCE and NCE/EP copolymers under the 85 °C/85 RH
condition.
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retardancy by the largely delayed weight drop. As a
quantitative evaluation, limited oxygen index (LOI) was
defined as the minimum oxygen concentration to support
the combustion of a polymer under a certain gas environment.
Quite naturally, high LOI denotes the retardancy of the
polymer against ignition. An empirical equation gives the
estimate of LOI based on char yield (CR) in N2 from TGA
data48

= +LOI 17.5 0.4CR (2)

The calculated values are listed in the last column in Table 3
and more clearly plotted in Figure 3f. Very high LOI from 24.2
to greater than 40 was presented in the system, which is
actually higher than most epoxy systems with specially
designed flame retardants.49,50 To be more specific, the LOI
categorizes the polymer as follows: LOI ≤ 20.95, flammable;
20.95 ≤ LOI ≤ 26, marginally stable; and LOI ≥ 26, self-
extinguishable.48 The continuous increase of LOI in the
copolymer based on the NCE content ranged from at least
marginally stable to the highly self-extinguishable behavior in
the formulations with higher than 1:1 cyanate/epoxide ratio.
The highly aromatic nature of the copolymers helped in
developing the characteristic of a strong char-forming
tendency, leaving rich carbonaceous residues after elimination
of oxygen and hydrogen atoms when heated or ignited. These
structures impede the diffusion of both oxygen and flammable
volatiles in burning conditions, thereby presenting the superior
flame retardance behavior that qualifies them for electronic
packing applications in extreme environments.
3.3. Dielectric Properties and Moisture Absorption

Kinetics of NCE/EP Copolymers. Dielectric properties of
the copolymers and their moisture absorption behavior under
the 85 °C/85 RH condition are plotted in Figure 4a,b,
respectively. Not only are these parameters essential for EMC
applicationswhere the dielectric properties impact the signal
delay and transmission loss51 and moisture absorption greatly
influences the package reliability during solder reflow, thermal
shock, or thermal cycling conditions where the escaping vapor
causes cracking or bubbling (“popcorn crack”)52but also
they together provide useful insights into the internal material
structures. When increasing the NCE concentration, the Dk
initially decreased until it reached a 1:1 ratio, where further
charging NCE monomers in the feed caused a reversed effect
in Dk. The Dk represents the internal dielectric response
(polarization) of the polymer under the field. The epoxy-rich
formulations provided abundant polar −OH sites to orient
when the field is applied, resulting in high Dk in these resins.
Increasing the NCE ratio, as we have discussed in the previous
section, would provide alternative curing routes to reduce the
overall polarity, plus an increase in the cross-link density,
which restrains the chain motion. These merits contributed to
the favored low Dk properties in the NCE/EP 12 and 11 resins.
On further increasing the NCE content, as the cross-link
density instead decreased, the enhanced chain mobility and
large free volume allowed the rotation and alignment motions
for the polar groups, which is why one may find the increasing
trend of Dk in these later formulations. Regarding Df, first, the
reduction in population of polar −OH groups relieved the
force applied on polymer chains under the field; second, the
later creation of the larger free volume and the loosely cross-
linked structure in the high NCE resins caused rather free
rotations of these chains from restraints/frictions (which
causes the phase lag and heat generation, and therefore, the

loss). A continuous decrease of Df along NCE ratios is
therefore expected based on the combination of these two
effects.
The moisture absorption curves in Figure 4b revealed a clear

trend of increasing water uptake in the final equilibrium stage
with NCE concentrations, which is in line with the findings of
Karad et al.53 The value ranged from 1 wt % for NCE/EP 13
sample to up to over 4 wt % in pure NCE. The gradual
emergence of coordination sites for water molecules, for
example the triazine rings,54 and the remaining cyanate
moieties prone to hydrolysis55 in these high NCE end of the
copolymer series have likely outweighed the effects of resin
polarity, as discussed in the last section. A careful selection of
resin formulation is, therefore, to be made when formulating
the EMC materials based on moisture sensitivity of the
application.
For the first time, a deeper investigation of the moisture

ingression kinetics in CE/EP copolymers was performed.
During the initial stage of wet conditioning, the water uptake
of the polymer disk sample follows precisely a simplified Fick’s
law, giving a linear relationship when plotted against t1/2/h
(time1/2/thickness),56 as

π
=

∞

M
M h

Dt4t

(3)

where Mt is the moisture uptake at time t, M∞ is the moisture
uptake at equilibrium, and D is the diffusion coefficient. The
fitting (with the example for NCE/EP 11 shown in Figure 4c)
showed good linear correlation and solved the diffusion
coefficient for each formulation, as shown in Figure 4d.
Interestingly, the D presented a first increasing and then
decreasing trend against the NCE content, exactly opposite to
the trends of cross-link density and Dk. The penetration of
moisture in the resin depends on both the driving force, the
polar−polar interaction of certain groups with water,57 and the
availability of channeling paths, i.e., the free volume in the
molecular structure. In light of the geometrical considerations,
one may naturally speculate that higher cross-link networks
impose greater steric hindrances for moisture transport.
Though this may hold true in many cases, where the loosely
cross-linked structure with high chain mobility resists poorly to
moisture diffusion,54 experimental facts are not rare to present
a reversed trend,58,59 where water diffuses faster in highly
cross-linked polymers as in our case. In this reported NCE/EP
copolymer system, we would postulate that the strong affinity
between water and the cross-link site, including hydroxyl
groups, oxazolidinone,60 and triazine, could in fact present
these linkages as hosts for water molecules61 that facilitate the
hopping of them in the cross-linked network. This would be an
interesting discovery and further work should be pursued to
gain better understandings of this phenomenon.

3.4. High-Temperature Aging Analysis of NCE/EP
Copolymers. The high-temperature aging stability of resins is
yet another determining factor for employing them in high-
power applications. Polymers, regardless of their initial
properties, degrade over time under continuous exposure to
increased temperature. Thermo-oxidative degradation is a
major concern in most thermoset materials, where the chain
scission under applied heat was facilitated by the formation of
peroxyl radicals. The reactive chain end then propagates, which
is eventually terminated by coupling (further vitrification) or
disproportionation (decreased molecular weight and formation
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of an unsaturated structure). The integrity of epoxy
compounds against such harsh environments dictates the
final reliability of the encapsulated product. The weight loss of
these organic materials during aging at 250 °C was taken as the
measuring merit and is plotted versus time in Figure 5a. As a
comparison, the data of a typical high-temperature formulation
with epoxy cured by anhydride and a previous CE/EP system
are supplied here as well. All of the copolymer formulations
described in this work presented a similar weight loss trend,
while it is clear that their high-temperature handling capability
greatly surpasses that of the traditional high-temperature epoxy
or the bisphenol A type CE/EP blends. As mentioned, the
reduced weight loss in these samples is the result of the highly
rigid backbone structure (including the novolac and the
tetramethylbiphenyl molecules) imposing kinetic restraints for
the diffusion of oxygen, the propagation of the radicals, as well
as the escaping of volatile chain-scission products. Quite
naturally, the formulations with higher Tg and decomposition
onset experienced less weight loss over the course of aging.
Moreover, these copolymer formulations have stabilizing
effects on the NCE homopolymer in prolonged high-
temperature storage. Even though the pure NCE exhibited
an outstanding heat resistance during the initial 700 h, further
exposure to 250 °C caused its fast, almost linear with time,
degradation, with a severely swollen/distorted morphology.
Also, despite the superior TGA char yields of pure NCE, the
high-temperature aging continuously broke down the resins
leading to an even greater weight loss compared to the
copolymer series, which distinctively exposes its alternative
degradation mechanism from the short-term decomposition.
From the discussions in previous sections and the known
knowledge of hydrolysis degradation of CE, the appreciable
remaining cyanate groups in the network and the greater
moisture absorption in pure NCE likely contribute to the

carbamate formation and decomposition reactions to release
CO2 gas,

21,62 while the copolymers suppressed these reactions
by consuming the majority of free cyanate groups. The
copolymers in the high NCE ends, still, akin to the NCE
polymer, inevitably suffered from larger weight loss eventually
through this mechanism despite their witnessed robustness in
the short term. The increase of cyanate (2250 cm−1) intensity
observed might have resulted from the decyclization of triazine
(1543 and 1360 cm−1),63 and the amine (3360 cm−1)
indicating carbamate formation. A quite obvious turning
point in the weight loss rate of these copolymers is found at
roughly 250 h. In the initial aging stage, the −OH rich resins
typically go through dehydration reaction that results in an
unsaturated structure (see the emerging signal for CC (1585
cm−1) in Figure 5c, and the darkening of sample color), and
the oxidative reactions causing chain scission at relatively weak
points (the large increase of O−H (3070 cm−1) intensity in
Figure 5c) indicate the scission at ether linkages forming free
hydroxyl groups, presenting reactive radical at chain ends. The
rapid release of water and easier evaporation of short-chain
segments result in the observed weight loss, while the coupling
of the radicals at chain ends gradually turned the resin into a
shrunk, densely cross-linked, carbon-dominated structure (also
suggested by the microcracks in Figure 5e,f that represent the
brittleness of the resin), eventually to what is often referred to
as char (see the deep aged samples in Figure 5b). The slow
diffusion and oxidation of this carbonaceous phase would
account for the observed much reduced decomposition rate in
the later aging stage after the initial 250 h. Again, with the
mature knowledge of the CE/EP degradation mechanism in
mind (thermo-oxidative degradation and the hydrolysis
degradation of cyanate groups), the major advancement in
the formed copolymer series over the conventional epoxy and
previously reported CE/EP resins is based on its highly

Figure 5. (a) Weight loss of NCE/EP copolymers, a typical epoxy/anhydride (EP/AN) formulation and a CE/epoxidized cresol novolac (ECN)
formulation (reproduced with permission from ref 32 Copyright 2020, Elsevier) under 250 °C aging; (b) images of NCE/EP copolymers during
250 °C aging at different time intervals; (c) FTIR spectra of virgin NCE/EP 11 sample and that aged under 250 °C for 24 and 48 h; and scanning
electron microscopy (SEM) images of (d) virgin fractured NCE/EP 11 surface that aged under 250 °C for (e) 8 h and (f) 24 h.
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functionalized and aromatic monomer structures, i.e., novolac
and tetramethylbiphenyl, and the in situ formation of rigid
triazine rings. The high rigidity (kinetically) and stability
(chemically and therefore thermodynamically) of these
building blocks contribute to the remarkable high Tg and
decomposition temperature, which promotes the high-temper-
ature aging behavior in a similar manner.
To gain further understandings of the internal structure

change during this degradation process, the thermal decom-
position results of the aged and unaged samples are compared.
As the far NCE or the far EP end of the copolymer series
experienced larger weight loss and premature failure during
high-temperature aging (likely due to the loosely cross-linked
structure as discussed in DMA studies), the medium
formulations such as NCE/EP 12, 11, and 21 are selected in
the scope of degradation studies. Their TGA and DTG profiles
along aging at 250 °C for up to 48 h are shown in Figure 6.
The slightly improved thermal resistance was shared by all
three compositions after the short-term aging within 8 h. This
was the result from the further vitrification of the resin,
sterically restricting the thermal decomposition. Both further
curing and the coupling of radicals would contribute to this
densification effect. In addition, certain unstable weight may
have already been removed from the system during aging.
During prolonged holding of the samples at high temperature,
a remarkable early breakdown behavior can be spotted at near
200 °C. Especially, the emerging weight loss peak in the DTG
diagram of NCE/EP 11 (Figure 6d) clearly shows the trend of
gradual development in this phenomena. It can thus be
inferred that in this stage, the samples are filled with abundant
easily breakable bonds, and the molecules are free to be
evaporated. In particular, eliminated water from the
dehydration reaction is likely the major product, as supported
by the darkened look of the samples due to double bond
formation, accompanied by methane or aldehyde type

molecules from chain scission and rearrangements.64 The
highly aromatic and closely packed structure with very few
weak linkages in these resins should resist the release of main
chain components at such low temperature. Again, the quite
high char yield of these aged samples was attributed to this
high aromaticity, which was not harmed by the high-
temperature storage. Nevertheless, the presence of this low-
temperature decomposition peak (with onset below 200 °C) is
in correlation with the rather fast weight loss kinetics in the
early stages of 250 °C aging, shown in Figure 5a. In the higher
NCE ratio copolymers, for instance the NCE/EP 12, the
apparent flattening of this peak also marks its stronger
robustness against the thermal decomposition during oxidative
aging.
The evolution of thermomechanical properties, which are

vital for the encapsulant reliability, of the resin during aging
was examined and further insights into the degradation pattern
were provided. Through the plasticization effect of moisture65

and the oxidative degradation inside the resin, the Tg normally
decreases upon high-temperature storage. Table 4 lists the
results of TMA tests on the aged NCE/EP samples, again with
12, 11, and 21 formulations. A clear trend of the decreasing Tg
value in all samples was found along with aging time. Looking
into more details, for the low NCE formulation, i.e., NCE/EP
12, one shall find the remarkable shrinking of α2 CTE after 4 h
of aging. This denotes that further cross-linking had occurred
due to either curing reaction or recombination of radicals,
which is in good agreement with the observed higher
decomposition onset of this sample in Figure 6a. Although
NCE/EP 11 suffered from the most severe Tg regression and
CTE increase after 48 h of aging (as is for the prominent low-
temperature weight loss peak in TGA), further introduction of
aromatic and bulky NCE molecules in the system supported a
better integrity in maintaining the high Tg for the NCE/EP 21
composition. Again, note the greatly suppressed CTE values of

Figure 6. TGA and DTG thermograms of NCE/EP copolymers in N2 during 250 °C aging. (a, b) NCE/EP 12; (c, d) NCE/EP 11; and (e, f)
NCE/EP 21.
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the 4 h aged NCE/EP 21 sample; this should suggest the
occurrence of further cross-linking in the systems, which
supported the greatly enhanced thermal stability of this
product under TGA increase (Figure 6e). Overall, it could
be concluded that in the short-term high-temperature aging,
the higher NCE ratio formulations such as NCE/EP 21
present the most attracting stabilities needed for EMC to
protect the package, while even higher NCE ratios may, from
Figure 5a, suffer from greater weight loss in the long term due
to unfavored hydrolysis degradation.

4. CONCLUSIONS

This study presents a novel NCE/EP-based copolymer series
that show great potential for high-temperature epoxy
encapsulation applications. Thanks to the extremely high
aromaticity of the NCE monomer, a remarkable Tg (over 300
°C) and decomposition onset (T5% over 400 °C) were
achieved for the epoxy-based copolymers, and these merits
were associated with the evident lower mass loss during 250
°C aging far superior to the bisphenol A CE/EP blends and
traditional anhydride-cured high-temperature epoxies, even the
pure NCE in the long term as severe hydrolysis strikes in the
latter polymer. The resin flowability, thermomechanical
properties, and dielectric properties were found controllable
by altering the copolymer composition (NCE to EP ratio), and
the competing effects of aromaticity, cross-link density, and
polarity in each formulation were analyzed and discussed in
detail to account for these interesting behaviors. The high-
temperature aging experiments not only recognized their
enhanced reliability but also provided knowledge on the
degradation processes in different copolymer formulations by
tracking the decomposition and thermomechanical properties
of the aged samples. In summary, copolymerizing NCE and EP
provides a series of products with great high temperature
robustness, melt processability, and dielectric properties that
made them attractive for formulating high-temperature stable
epoxy compounds to encapsulate future WBG power devices.
We would also anticipate that specific applications benefited
from individually selected resin compositions to meet their
unique processing or operation needs.
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