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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

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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