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a b s t r a c t

This study evaluated new experimental parameters and end-point criteria for determining the thermal
endurance of fibreglass-reinforced epoxy laminates via thermal analysis. Differential scanning calorim-
etry (DSC), thermogravimetric analysis (TGA), and dynamic mechanical analysis (DMA) were used in
these experiments. The composite was exposed to temperatures ranging from 170 to 200 �C for times
ranging from 10 to 480 h in accord with IEC 60216. The maximum heat flow temperature (DSC Tmax) for
the first thermo-oxidative reaction, the maximum weight loss temperature (DTGA Tmax), and the
maximum decomposition rate were investigated. The change in the glass transition temperature after
the thermal ageing was also determined using DMA. The structural changes in the samples were
examined via Fourier transform infrared spectroscopy and microscopic analysis. Oxidative degradation at
the surface accompanied by pyrolytic degradation in the bulk of the sample was observed. The end-point
criteria were derived for all applied methods based on the time required for the composite structure to
delaminate considerably. The obtained data were used to construct Arrhenius diagrams, and cross-
correlation was sought among all experimental parameters. These measurements demonstrated that
the DTGA Tmax, DMA Tg, and DSC Tmax characterizes the ageing process sufficiently well within the
applied temperature interval and satisfy the IEC 60216 requirements.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Composite materials are an essential part of our world and lives.
Their properties can be modified considerably, which has led to
their widespread application in many industrial fields. Electrical
engineering is no exception, and composite materials play an
important role in this field. Composite materials must typically
satisfy many requirements, i.e., excellent mechanical properties,
good chemical stability, and suitable dielectric behaviour, which
play an important role during their manufacture and application.
Furthermore, the long-term thermo-oxidative stability directly in-
fluences the material lifetime and is used as a requirement that the
composite material must fulfil. Determining the thermal endurance
for the estimated service lifetime is critical during the design pro-
cess of anymaterial, whether it is the insulation system of a rotating
: þ42 037 7634502.
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or non-rotating machine, the dimensioning of a cable sheet, or the
selection of a suitable material for printed circuit boards (PCBs).

The planned service lifetime of most engineering materials is
several decades under standard operating conditions. Therefore,
estimating the degradation lifetime at the operating temperature is
not feasible because the necessary tests are time intensive and
economically unacceptable. One possible solution is the use of
accelerated ageing tests, in which the tested material is frequently
exposed to an increased temperature load. Temperature itself is one
of the primary degradation factors for most engineering materials,
and it can accelerate the physical and chemical degradation pro-
cesses within the material structure [1,2].

The normal operating temperature can be significantly excee-
ded in some cases, e.g., by short overloading electrical equipment or
using a specific manufacturing technique. PCB laminates are one
example [3,4]. Specifically, the rated load operating temperature of
the PCB equipment must be distinguished from the manufacturing
temperature load.

PCB laminates are commonly composed of glass fibres and an
epoxy resin matrix [5e7]. During surface-mount assembly and
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soldering, the PCB is exposed to temperatures significantly above
the glass transition temperature (Tg) of the epoxy resin. Wave sol-
dering overheats the PCB laminates for a short duration because the
melting temperature of conventional SnPb solder is 183 �C,
whereas new lead-free solders require higher temperatures of
above 200 �C [3]. Considering that the glass transition temperature
of a standard epoxy resin used to manufacture PCB laminates is
approximately 130 �C [7] or less [8], these manufacturing tech-
niques may shorten the service life of the composite. Lall et al. [3]
has demonstrated that even short-term exposure to the high
temperatures (T > Tg) associated with lead-free reflow processes
can noticeably change the glass transition temperature of PCB
laminates. He applied several soldering-temperature profiles with
different variables (e.g., time above liquidus, peak temperature,
ramp rate, and cooling rate) and analysed the Tg via thermo-
mechanical analysis. A statistical analysis of the variables revealed
the strong influence of wave soldering on Tg. Furthermore, some
studies have attempted to change the structure of PCB using rela-
tively low load temperatures with long exposure times. Lé-Magda
et al. [6] have studied the influence of a temperature load of 110 �C
(T< Tg) on a PCB throughout an exposure of 15,100 h. The structural
changes were observed via differential scanning calorimetry (DSC),
modulated differential scanning calorimetry (MDSC), and micro-
scopy. Lé-Magda et al. found that thermal ageing at T < Tg was
caused by the thermo-oxidative reaction of material moving from
the surface deeper into the material. After 500 h of accelerated
ageing, a new amorphous layer was created on the composite
surface that blocked further oxygen diffusion. That study proved
that the ageing was governed by chemical modification over a time
range of 0e7000 h, whereas ageing times longer than 7000 h have
significantly decreased chemical modification rates.

The ageing mechanism at T < Tg should (by its very nature)
better reflect the load operating temperature because the material
(except for such events as reflow processes) will be exposed to
temperatures below the Tg of the epoxy resin during normal
operation; however, the time consumed by these or similar ex-
periments remains a disadvantage.

Estimating the thermal endurance of electrical insulation is no
exception. Ageing experiments are time intensive and both exper-
imentally and economically demanding. Therefore, in practice,
several influences must be omitted, which can (in addition to
temperature) affect the ageing process of these materials. The
established methodology for determining the thermal endurance
of a material used for electrical applications is found in the inter-
national standard IEC 60216 “Guide for the determination of thermal
endurance properties of electrical insulating materials” [9], which
defines all of the required test procedures. Temperature is consid-
ered to be the dominant degradation factor in this standard. For this
reason, use of a higher temperature during testing (in the case of
epoxy resin laminates, T > Tg) is recommended for comparison to
normal operating conditions. Hence, the experiment duration is
shortened proportionally.

The material is in a rubbery state when aged at temperatures
above the Tg of the epoxy network. This state modifies the chemical
bonds themselves (chemical ageing) and promotes the degradation
process. In contrast, a material that is exposed to temperatures
below Tg is still in a glass-like state (vitrified network) that allows
for molecular movement and structural relaxation (physical
ageing) [6,7]. Whenever larger sample specimens are exposed to
accelerated thermal conditions, the diffusion-limited oxidation
(DLO) effect must also be considered [10]. High temperatures
together with the specimen geometry may result in a diffusion-
limited oxygen supply in the interior of the specimens because
too many chemical reactions cause a lack of oxygen within the
material, leading to the evolution of spatially dependent
degradation zones [11]. Accelerated thermal ageing is a question of
competition between oxidative and inert degradation processes,
i.e., between surface (homogeneous) and bulk (heterogeneous)
degradation [11]. The intensity of thermal oxidation decreases
along the specimen depth [6,12]. Moreover, diffusion is more pro-
nounced in the rubbery state because of the higher mobility of the
polymer chain segments, which allows oxygen molecules to diffuse
more freely into the inner structure [12].

The ageing of epoxy resin laminates in the rubbery state (T > Tg)
has been the subject of many studies evaluating factors other than
the temperature that also affect the degradation process (e.g. [13e
19]). These studies often use complex, multi-factor stress tests to
separately describe the changes in all studied parameters and
clarify the degradationmechanism of the epoxy resin. However, the
inclusion of more stress factors can lead to non-Arrhenius behav-
iour of the monitored parameters [11,20e22], which prevents a
simple extrapolation of the accelerated ageing data.

Nevertheless, with the rapid development of new polymer ma-
terials, these complicated modelling methods are inappropriate for
rapid, routine block estimation and classification of materials into
temperature classes [9,23]. However, despite the known disadvan-
tages of this procedure [11,20], rapid thermal-endurance tests of
electrical insulating materials must be performed based on
measured experimental parameters according to the Arrhenius law:

k ¼ A$exp
��Ea
R$T

�
; (1)

where k is the reaction rate, Ea [kJ mol�1] is the activation energy, R
[J K�1 mol�1] is the universal gas constant, T [K] is the absolute
temperature, and A [s�1] is the pre-exponential factor.

Even when simplified, the established IEC procedure has many
limitations and should not be used without considering certain key
issues. The international standard IEC 60216 is intended for the
rapid classification of electrical insulating materials into tempera-
ture classes and does not distinguish between oxidative and inert
degradation processes. The IEC procedure assumes a linear depen-
dence between ln k and the reciprocal of the absolute temperature
(1/T) to allow the results to be easily extrapolated to lower or higher
temperatures, i.e., the procedure may fail when too large a tem-
perature interval is examined (many materials exhibit curvature in
the Arrhenius plot under these conditions [11,12]). Consequently,
the standard requires not only appropriate monitored parameters
but also the proper selection of the end-point criterion. The exper-
imental parameters and end-point criteria should correspond to the
ageing, and a sufficiently sensitive measurement method should be
applied. When all requirements of the IEC standard are met, the
resultingArrhenius diagrams canbe extrapolated to�25 �Caboveor
below the temperature range investigated (as for example shown
later in this study). These limitations reducemostof the inaccuracies
caused by mechanistic changes and DLO.

Despite the availability of this simplified testing procedure, the
degradation characteristics of many commonly used materials are
still unknown because of the time-consuming nature of these tests
[24]. Moreover, some commonly used and recommended methods
(e.g., flexural-strength testing, weight loss, breakdown voltage [9])
or proposed ageing end-point criteria are often found to be insuf-
ficient after several months of testing. Naturally, the results of these
unsuccessful tests are typically not published. Hence, the exami-
nation of novel methods and the evaluation of new experimental
parameters, together with the determination of end-point criteria,
are necessary for the reasons given above. Cross-correlation should
be established for many polymer composites and for the applied
methods; however, experimentally, this is not always trivial.
Obtaining this information is essential and would offer many
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benefits, for example, to laboratories or manufacturers that are not
equipped with all of the instruments necessary for testing the wide
range of materials used in electrical engineering, among other
fields. Therefore, the continuous examination of newly developed
methods that are applicable to a variety of materials is crucial.

For these reasons, this study explored new potential parameters
for determining the thermal endurance of a glass-reinforced flame-
retardant epoxy laminate, FR4, via thermal analyses. Two different
thermal analyses, differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA), in addition to delamination
testing, were used for these experiments. The data from the dy-
namic mechanical analysis (DMA, partially published previously
[8]) were also used for the final evaluation of the thermal endur-
ance. An overview of the tested laminate ageing mechanisms was
also obtained using Fourier transform infrared spectroscopy and
microscopy. The cross-correlation of all experimental parameters
and applied methods is discussed.

2. Experimental

2.1. Descriptions of materials and thermal ageing

The examined material was a commercially available FR4 PCB
laminate designed to operate at temperatures of up to 130 �C. The
initial Tg of the epoxy network is 124 �C (evaluated from the peak
maximum of loss modulus E00 measured via DMA). This material is a
fibreglass-reinforced, flame-retardant epoxy resin laminate sup-
plied as a sheet with a nominal thickness of 1.5 mm. The binder
consists of a brominated epoxy resin that contains bisphenol A
diglycidyl ether and tetrabromobisphenol A diglycidyl ether with a
total bromide content of 20%. The resinwas supplied in 80% methyl
ketone. A combination of dicyandiamide (DCDA) with methox-
ypropanol and 2-methylimidazole as an accelerator was used as the
hardener during manufacturing.

Specimens with a nominal size of 100 � 105 mmwere prepared
from laminate boards for accelerated thermal ageing and for
further testing. The accelerated thermal ageing was performed in a
Venticell laboratory oven (BMT Medical Technology, Brno, Czech
Republic) under dry airflow.

Preliminary ageing tests, which facilitated the optimisation of
the sample exposure temperatures and times, preceded the main
experiment. Four test temperatures (170,180,190, and 200 �C)were
chosen based on the recommended operating temperature of the
composite and the IEC 60216 standard. The pre-samples were aged
at the defined temperatures, and their conditions were continu-
ously monitored. Once delamination was observed at a macro-
scopic level, the preliminary tests were terminated, and the
delamination times for each temperature were recorded. Thus, the
exposure times (Table 1) for the main experiment were estimated.

2.2. Method description

The measurements were performed via DSC and TGA on a TA
Instruments SDT Q600 thermal analyser. Each compact sample was
scratched in the crosswise direction of the test specimens and
sieved to a 100 mesh grain size (nominal sieve opening of
Table 1
Delamination times and summary of the temperatures and times used for the
thermal treatment.

Ageing temperature [�C] Delamination time [h] Ageing times [h]

170 �C 624 96, 192, 288, 384, 480
180 �C 180 48, 96, 120, 144, 168
190 �C 90 24, 48, 60, 72, 84
200 �C 33 10, 15, 20, 25, 30
0.149 mm). The primary reason for this preparation of the samples
was to minimise the DLO effect. The sample weight was
12 � 0.01 mg. During testing, the samples were placed in an open
platinum pan and linearly heated at a rate of 10 �C/min from 30 �C
to 700 �C in dry air with a flow rate of 100 ml/min. Three samples
were analysed for each thermal ageing level (i.e., measurement
frequency n ¼ 3). Powdered samples were also measured via the
attenuated total reflectance (ATR) FT-IR technique using the
middle-infrared (IR) region to determine any changes in the epoxy
matrix structure. These infrared spectra were recorded using a
Nicolet 380 spectrometer with a Smart MIRacle single-reflection
ATR cell (diamond crystal) with 32 average scans of 4 cm�1 in
resolution collected across a frequency range of 4000e600 cm�1

for each measured spectrum. The powder was measured at a
measurement frequency of 10 (n ¼ 10; each spectrum was
measured using a different powder). The measured data were
subsequently analysed using the OMNIC spectroscopy software.
The microscopic analysis was performed using an Olympus MX51
optical microscope in the fluorescence mode. Scratch patterns were
prepared from the samples (vertical to the sample surface), and
their structure was subsequently analysed.
2.3. Evaluation of the results

Fig. 1 provides an example DSC and TGA measurement (sample
exposed to 170 �C for 96 h). This analysis revealed the thermal
decomposition of the epoxide binder (mass residue of approxi-
mately 53% at 700 �C, which corresponded to the unfired glass-fibre
content). The binder decomposition proceeded in two stages, as
expected [25,26]. These results indicate two strong exothermic
phenomena in the DSC curve with a local maximum ranging from
327 �C to 480 �C. These reactions were accompanied by two major
reductions in the sample weight. The cause of the first decompo-
sition reaction was the decomposition of large polymer chain seg-
ments either already created in the matrix or formed at the onset of
the thermal destruction of the structure. The second exothermwas
associated with the decomposition of the carbonised products [26].

Thedata analysis focusedon thefirst decomposition reaction and
the determination of which new parameters would be suitable for
evaluating the thermal endurance of the material from the thermal
analyses. The seconddecomposition reaction (total destructionof all
carbonised products) is not suitable for this purpose because of its
variability. To emphasise each effect, the derivative of the
Fig. 1. DSC, TGA, and DTGA traces for a sample aged for over 96 h at 170 �C.



Fig. 2. Chemical processes assumed to contribute to thermal degradation in the ideal situation for brominated epoxy resin cured with DCDA.
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thermogravimetric analysis data was plotted (DTGA). The first local
maximum in this curve, DTGA Tmax (i.e., the maximum weight loss
temperature), occurred at a slightly lower temperature than thefirst
peak maximum in the DSC curve, labelled DSC Tmax (i.e., the
maximum heat flow temperature for the first reaction). The
maximum decomposition rate (in %/min) of the binder during this
reaction was reached before the main heat release. The mutual
relation of the TGA and DSC results is expected because weight loss
is accompanied by heat release during oxidative epoxy degradation.
However, eachmethod probes a different aspect of the degradation,
and the two methods may provide results of different sensitivities.
Hence, the DTGA Tmax, DSC Tmax, andmaximum decomposition rate
were all considered for further evaluation because they precisely
characterise the first decomposition reaction.

3. Results and discussion

3.1. Thermo-oxidative ageing of brominated epoxy resin:
assumptions

The thermo-oxidative ageing process for brominated epoxy
resins is thoroughly described in Refs. [25e30]. The laminates are
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thermally cured via the reaction of epoxy resins with dicyandia-
mide at 180 �C. At sufficient pressure, the curing process begins to
cycle, and the structural arrangement changes frequently via the
exclusion of ammonia (Fig. 2, Scheme I) [27].

During long-term thermal ageing, the dehydration of secondary
alcohols occurs [25] before the destruction of the structure in areas
with weak alkyl bonds (Fig. 2, Schemes II and III.a) [28]. In this
situation, these bonds are more susceptible to nucleophilic sub-
stitution and can easily form HBr. Moreover, HBr can destabilise its
surroundings. This destabilisation contributes significantly to the
initialisation of other important chemical reactions, such as intra-
molecular abstractions or the formation of aromatic alkyl sub-
stituents, which creates the remaining amino groups on the cleaved
molecules [29]. However, the formation of methyl bromide, 1,3-
bromoacetone, dibromopropane, and phenolic groups (Fig. 2,
Scheme III.b) dominates the initial structural decomposition. These
radicals subsequently disrupt the material integrity in areas with
weaker ternary boundaries, particularly in non-brominated areas.
The major structural decomposition processes occur via these
mechanisms [28]. Kagathara and Parsania [30] have demonstrated
that these processes occur en masse at temperatures exceeding
275 �C (first thermo-oxidative reactions in the DSC curve) and
cause a significant weight reduction in the material under heat
stress. In particular, aliphatic hydrocarbon residues and ketones
form during these reactions. However, the boiling temperatures of
most by-products produced during thermal ageing are below
150 �C. Therefore, the high level of mobility and also the reactivity
of the by-products should be reflected at all temperatures during
the experiment. This theoretical basis leads to the hypothesis that
prolonged thermal stress significantly affects the material integrity,
thereby weakening the first exothermic reaction. The glass transi-
tion temperature may decrease because of the structural frag-
mentation of the material because the structure will not be as
chemically self-linked as it was prior to the heat stress.
3.2. Influence of thermal ageing on the material structure

The effect of thermal stress testing on thematerial structurewas
first documented via FT-IR. The FT-IR spectra of the as-delivered
material and a representative set of samples aged at 170 �C are
presented in Fig. 3. The sample ageing process is correlatedwith the
spectral band at 1737 cm�1, which corresponds to the stretching
vibration of the C]O carbonyl group. An increase in the intensity of
this band indicates the partial oxidation of the tested material as a
result of the ageing process. Another confirmation of the ageing
process was observed as the changes in intensity of the bands at
Fig. 3. FT-IR spectra of specimens treated at 170 �C.
1606 cm�1 (nasym aromatic CCH) and 1507 cm�1 (from the conju-
gation of the benzene substituent) [7,31]. These changes corre-
spond to Scheme III.b in Fig. 2.

Microscopic analysis can assist in exploring ageing mechanisms
in a visual manner. Microscopic images of the same data set (the set
of samples aged at 170 �C) are shown in Fig. 4. Although thermo-set
materials such as highly cross-linked epoxies seem to tolerate
significant oxidation levels [11], it is clear that the structure of PCB
laminates is affected in such highly oxidative pyrolytic conditions.
The ageing of PCB FR4 in air initiates the expressive oxidation
process [6,32], which proceeds throughout the sample over time.
The results of microscopic analysis indicate the gradual thermo-
oxidative heterogeneous degradation of the epoxy resin on the
sample surface. As evidence of this process, although the laminate
structure became oxygen-diffusion limited at the surfaceeair
interface, the thermal ageing caused the gradual formation of an
increasingly thicker diffusion layer for thermal oxidative degrada-
tion. The colour intensity inside the specimen also gradually
changed in a manner that was clearly related to the bulk (homo-
geneous) degradation process, which caused inert pyrolytic
decomposition in the laminate interior.

The results of the microscopy illuminate the role played by
fibreglass in the degradation process. It is evident (primarily for
specimens aged for 384 and 480 h; see Fig. 4) that the fibreglass
reinforcement contributed to the retardation of the rate of diffusion
of thermo-oxidative degradation towards the interior. The typical
Fig. 4. Discolouration of the specimens treated at 170 �C (scratch patterns).
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thermal conductivity of common PCB FR4 epoxy resin systems is
approximately 0.2e0.34 W/(m K) [33,34], whereas the thermal
conductivity of the fibreglass is an order of magnitude lower than
that of PCB FR4 epoxy systems (0.02e0.04 W/(m K)) [35]. This
significant difference in thermal conductivity between the epoxy
resin system and the fibreglass can limit the heat transfer and, more
importantly, slow the release of decomposition by-products from
the structure, and vice versa. Hence, the fibreglass can play an
important role in the competition between oxidative and inert
degradation processes. Nevertheless, when the thermal ageing
reached a certain level, the oxidation process passed through the
fibreglass mesh, and the material began to delaminate at the fibree
resin interface (regions of orthogonally overlapping fibres are the
most strongly affected). During operation, the degraded regions led
to the gradual deterioration of both the mechanical and electrical
properties of the material and subsequently destroyed the
laminate.
Fig. 6. DTGA curves for samples subjected to thermal treatment at 170 �C.
3.3. TGA And DSC results

Only the set of samples aged at 170 �C is represented in the
following figures. The TGA results are shown in Fig. 5. The slope
reduction and gradual decline of the TGA curves indicate a change
in the proportion of the crystalline phase in the structure and
fragmentation of the epoxy system according to the duration of the
applied thermal ageing. Both stages of decomposition were
affected; the first decomposition reaction was affected by the early
stages of ageing (up to 384 h), whereas the second decomposition
reaction was sensitive to longer ageing times (288e480 h).

As shown in Fig. 6, the point in the weight-loss curve with the
greatest rate of change (maximum decomposition rate) primarily
reflects the kinetics of the first decomposition reaction, which
dominates the initial structural decomposition (formation of
methyl bromide, 1,3-bromoacetone, dibromopropane, and phenolic
groups; see Fig. 2, Scheme III.b). As the structure of the epoxy
network fragmented because of the thermal ageing, the maximum
decomposition rate decreased distinctly. The accelerated ageing
also caused a slight decrease in the maximum weight loss tem-
perature (DTGA Tmax), which reflected a decrease in the thermal
stability associated with the cross-linking density of the epoxy
network. In contrast, the rate of the second decomposition reaction
Fig. 5. TGA curves for samples treated at 170 �C.
(at 370e550 �C) was not affected by accelerated ageing. Of course, it
is possible that the structure of the material is completely
destroyed at such high temperatures.

The DSC results (shown in Fig. 7) correlate well with those of
TGA and DTGA, as expected. The accelerated ageing influenced only
the first decomposition reaction, gradually decreasing the heat
released and lowering the highest DSC Tmax peak with increased
ageing.

3.4. Discussion of trends

At first glance, all parameters described in the previous para-
graph clearly reflect the ageing process, but there are some con-
siderations that must be taken into account when a new
experimental parameter is evaluated. First of all, experimental
parameters that change linearly with ageing are preferred. Such
parameters can be easily linearly fitted, allowing the time to the
end-point criterion to be calculated precisely. Parameters that
exhibit non-linear behaviour can also be used, but in such cases,
more sophisticated curve fitting is required, which sometimes re-
sults in lower accuracy. Moreover, the statistical significance of the
curve fitting should be considered. One of the many methods of
doing so is to test the significance of the coefficient of correlation, R
(or coefficient of determination, R2) [36e38], when the value of the
two-tailed test criterion, t, for a specific number of degrees of
freedom is calculated using the following equation:

t ¼ R$
ffiffiffiffiffiffiffiffiffiffiffiffi
n� 2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� R2

p ; (2)

where n is the sample size (number of measured points used for
curve fitting), R is the coefficient of correlation, and R2 is the co-
efficient of determination.

The calculated test criterion, t, must then be greater than the
critical value of the test criterion [39,40], tcrit. (probability point of
the complement of the cumulative distribution function of Stu-
dent’s t-distribution), which can be easily found in any table of
Student’s t-distribution (e.g., [40]).

The results presented in Figs. 5e7 and those obtained for the
remaining ageing temperatures were subjected to further analysis.
The changes in themonitored parameters for each temperature and
ageing time are shown in Figs. 8e10. The glass transition



Fig. 7. DSC curves for samples subjected to thermal treatment at 170 �C.

Fig. 9. DTGA e evaluation of the maximal decomposition rate.

Fig. 10. DSC e evaluation of the DSC Tmax.
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temperature measurements (Fig. 11) obtained in a previous dy-
namic mechanical analysis [8] were used for the subsequent con-
struction of linearised Arrhenius diagrams. The error bars
correspond to the calculated standard deviations of the measured
parameters (measurement frequency of n ¼ 3), and the coefficients
of determination, R2, of the linear trend lines are also plotted in all
graphs.

The variances in the DTGA Tmax (Fig. 8) and DSC Tmax (Fig. 10) at
170 �C were higher but remained acceptable for the relatively low
measurement frequency. Generally, most of the R2 values are
greater than 0.90, indicating satisfactory relations between the
evaluated parameters and the selected linear regressions. Testing
for the significance of the coefficient of determination, R2, was
performed using Eq. (2). The results are summarised in Table 2. The
value of tcrit. ¼ 3.182, corresponding to three degrees of freedom
(see Ref. [40]), was lower than the calculated test criteria for all
considered parameters. Hence, statistically significant relations
exist between the evaluated parameters and the selected linear
regressions. Indeed, the trend in the maximum decomposition rate
(Fig. 9 and corresponding t values in Table 2) is surprising because
the results did not yield the expected linearity, despite the initially
promising trends (shown in Fig. 6). The kinetics of the first
decomposition reaction changed slightly at an ageing temperature
Fig. 8. DTGA e evaluation of the DTGA Tmax.
of 180 �C, and the differing slope of the maximum decomposition
rate and the relatively low t values reflect this behaviour. Conse-
quently, the maximum decomposition rate was not considered for
the subsequent construction of Arrhenius diagrams. In contrast, the
standard deviations of the Tg values measured via DMA (Fig. 11) are
the lowest of all applied methods, and the calculated t values are
the most consistent. A decrease in the epoxy network Tg indicates
Fig. 11. DMA e evaluation of Tg (published in Ref. [8]).



Table 2
Calculated values of the two-tailed testing criterion for all experimental parameters
(tcrit. ¼ 3.182).

Ageing
temperature [�C]

DTGA Tmax Max. decomp.
rate

DSC Tmax DMA Tg

R2 t R2 t R2 t R2 t

170 0.97 10.75 0.98 12.76 0.96 8.31 0.94 6.77
180 0.88 4.72 0.80 3.49 0.91 5.49 0.95 7.78
190 0.98 13.17 0.85 4.11 0.99 14.86 0.90 5.33
200 0.99 14.33 0.91 5.51 0.99 14.70 0.95 7.86

Table 3
Calculated values of Ea, t, and R2 for Arrhenius diagrams (all values based on primary
data; tcrit. ¼ 4.303).

DTGA Tmax DSC Tmax DMA Tg Delamination

Ea [kJ/mol] 169 173 175 166
R2 0.993 0.989 0.981 0.986
t 16.84 13.41 10.16 11.87

R. Polanský et al. / Polymer Degradation and Stability 105 (2014) 107e115114
the ongoing degradation of the polymer network in the binder,
which becomes susceptible to thermal stress.
3.5. Arrhenius diagrams

Arrhenius diagrams (Fig. 12) were constructed for each of the
evaluated parameters. Such diagrams require knowledge of the
end-point criteria. The times required for the macroscopic
decomposition of the test material were used for this purpose (see
Table 1). The time required to delaminate at 200 �C (i.e., 33 h) was
used for the indirect deduction of the end-point criterion for each
parameter. The ageing criteria for the other methods were then
calculated via linear fitting based on the delamination time. The
DSC Tmax (310 �C), DTGA Tmax (302 �C), and DMA Tg (110 �C) were
then used as the end-point criteria.

The activation energies (Ea) of the degradation processes were
calculated from the Arrhenius diagrams based on the slopes of the
primary (measured) data. The absolute values of Ea do not greatly
differ, considering the fact that the data were obtained in different
manners. The Arrhenius diagrams within the applied temperature
interval (170e200 �C) seem to lack any express curvature. These
observations suggest that the mechanism of degradation remained
unchanged throughout the evaluated temperature range. All curves
were linearly fitted and then extrapolated to lower and higher
temperatures, �25 �C (the maximum possible extrapolations ac-
cording to the IEC standard).

The testing for the significance of the coefficient of determina-
tion, R2, was performed prior to extrapolation. The calculated
values of the two-tailed test criterion, t, are summarised in Table 3,
where the critical value of the test criterion, tcrit., is provided in the
legend. The condition t > tcrit. is valid for all experimental param-
eters. Although all parameters correlate well with each other
within the primary data, the extrapolation produced a slightly
Fig. 12. Arrhenius plots for all evaluated parameters.
greater divergence. At higher temperatures, the different merits of
the various parameters become particularly evident. Nevertheless,
partial data divergence is to be expected because TGA and DSC
probe primarily the surface oxidation of particle fragments,
whereas DMA measures the Tg of a bulk sample aged in air as an
average over the cross section of the sample, and delamination is a
bulk property that is driven primarily by purely inert pyrolytic
decomposition in the interior. Despite these differences, all these
parameters can serve as proxies for the delamination or other
testing within the limited temperature regime considered here and
may be useful for the rapid determination of the thermal endur-
ance of PCB FR4 epoxy laminates.

4. Conclusion

The thermal endurance of PCB FR4 epoxy laminate was studied
via thermal analyses. The applied thermal ageing significantly
affected the structure of the FR4 laminates, as evaluated via FT-IR,
microscopy, and thermal analyses. The obtained results demon-
strated that the laminate structure became oxygen-diffusion
limited at the surfaceeair interface. The thermal ageing caused
the gradual formation of an increasingly thicker diffusion layer for
thermal oxidative degradation. The interior of the specimens was
also gradually changed by ageing. The changes inside the laminate
were clearly related to bulk (homogeneous) degradation processes,
which cause inert pyrolytic decomposition. The microscopy results
assisted in elucidating the role played by fibreglass in the degra-
dation process and suggested that the difference in thermal con-
ductivity between the epoxy resin system and the glass fibres limits
the heat transfer and, more importantly, retards the release of
decomposition by-products from the structure, and vice versa.

The results of TGA and DSC indicated two stages of decompo-
sition. The slope reduction and gradual decline of the TGA curves
indicated a change in the proportion of the crystalline phase in the
structure and the fragmentation of the epoxy system according to
the duration of the applied thermal ageing. As the structure of the
epoxy network fragmented because of the thermal ageing, the
maximumdecomposition rate distinctly decreased. The accelerated
ageing also caused a slight decrease in the maximum weight loss
temperature, which reflected a decrease in the thermal stability
associated with the cross-linking density of the epoxy network. The
DSC results are well correlated with those of TGA, as expected. The
accelerated ageing influenced only the first decomposition reac-
tion, gradually decreasing the heat released and lowering the
highest DSC Tmax peak with increased ageing. The glass transition
temperature measured via DMA also decreased because of the
structural fragmentation of the material. All experimental param-
eters were newly evaluated for determining the thermal endurance
of fibreglass-reinforced epoxy laminates in accord with the IEC
standard.

The constructed Arrhenius diagrams and calculated activation
energies for the degradation process confirmed that comparable
results can be achieved using all of the applied thermal analyses.
During the experiments, the end-point criteria for each of the above
parameters were deduced from the observed times required for
macroscopic delamination.
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The reported results are important to the determination of the
thermal endurance for materials with a composition similar to that
of the tested material. The constructed Arrhenius diagrams can
assist in estimating the thermal endurance at elevated temperature
whenever necessary, e.g., for evaluation of the impact of wave
soldering or short overloading of electrical equipment. The pro-
posed experimental parameters, as determined via thermal ana-
lyses, provide promising alternatives to other commonly used and
recommended parameters (e.g., bending strength, breakdown
voltage, and time to delamination [9]).
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