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ABSTRACT

This paper presents the results of a study on the heat deflection temperature (HDT) and Vicat softening temperature
(VST) of the LH285 MGS acrospace polymer resin, used as a matrix in ablative shielding composites. This topic is
particularly relevant because, during ablative testing, the composite material undergoes partial combustion (abla-
tive layer), while its remaining sections are exposed to elevated temperatures, leading to changes in viscoelastic
properties that depend, among other factors, on VST and HDT. In this study, the authors examined aerospace
resins cured under various conditions as recommended by the manufacturer. In addition to assessing changes in
thermal properties due to material conditioning, the study also investigated the effects of heating rate and applied
load magnitude, following the applicable standards for this type of material. The results indicate that resin heat-
ing influences HDT and VST values. Additionally, the indentation shape in the material varies with conditioning
temperature. However, the choice of heating rate and load magnitude had a relatively minor impact on the results.

Keywords: epoxy resin, Vicat softening temperature, heat deflection temperature, surface profile examination.

INTRODUCTION

The advancement of every field in techni-
cal sciences is closely linked to the availability
of construction materials. The stringent require-
ments for modern materials regarding their me-
chanical, physical, thermal, electrical, magnetic,
and chemical properties limit the feasibility of
using naturally occurring materials. Compared
to raw natural materials, composites offer greater
flexibility in tailoring the final product’s charac-
teristics to meet specific requirements by combin-
ing multiple components with distinct properties.

Epoxy resins are indispensable in today’s in-
dustry. They serve as adhesives and matrix mate-
rials in advanced composites, where they are used
for bonding or blending polymers. However, un-
modified epoxies are inherently brittle, and their

low fracture energy raises concerns in certain ap-
plications. The adhesive properties of epoxy res-
ins depend on curing conditions and temperature:
they deteriorate at ambient temperatures but im-
prove under high-temperature conditions.

One of the most common methods of modi-
fying material properties is through the produc-
tion of composites materials composed of at least
two distinct phases. Due to their widespread ap-
plications across various industries, continuous
improvements are being sought, particularly in
terms of mechanical [1-5], ablative [6], and tri-
bological properties [7, 8]. These enhancements
are achieved either through innovative composite
manufacturing techniques [9—11] or by incorpo-
rating modifiers into composite formulations.

Defining the performance requirements of
materials necessitates an analysis of the operating
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conditions of components made from them.
Among the external factors influencing the reli-
ability of machinery and equipment components,
temperature plays a crucial role. In polymers, ex-
treme temperature conditions can lead to changes
in their state of aggregation. Therefore, testing
newly developed materials for their thermal prop-
erties is essential. These properties are typically
evaluated in laboratory conditions using heat de-
flection temperature (HDT) [12] and Vicat soften-
ing temperature (VST) [13] measurements.
Epoxy resins were first discovered in 1909
by Russian chemist Prileschajev, who observed
that olefins react with peroxybenzoic acid to form
epoxides—compounds later used in epoxy pro-
duction alongside polyamines [14]. In 1936, two
scientists Dr. Pierre Castan from Switzerland and
Dr. S.0O. Greenlee from the USA further devel-
oped the chemistry of epoxy resins that is widely
applied today [15]. Currently, the specialty epoxy
sector is a highly attractive industry, as it requires
advanced expertise in formulation and technical
support, making these skills highly valued [16].
The epoxy resins market size is estimated at 4.64
million tons in 2025, and is expected to reach 6.28
million tons by 2030, at a CAGR of 6.22% during
the forecast period (2025-2030) (Figure 1) [17].
Epoxy resins contain two or more ring-like
epoxy groups in the monomer. This group, also
known as an epoxide or oxirane, may be locat-
ed within the molecule’s structure but is usually
terminal. To achieve a cross-linked structure, the
precursor resin must contain molecules with the
functionality of two or more epoxy groups. The
non-epoxy portion of the molecule can be ali-
phatic, cycloaliphatic, or highly aromatic. Alter-
natively, it may be non-hydrocarbon and poten-
tially polar. It can also contain unsaturated bonds.

B High
Medium

Low

Many of today’s industrial products would
not exist without epoxies. Depending on their
physical state, which can range from a low-vis-
cosity liquid to a crystalline, high-melting-point
solid—materials based on epoxy resins offer ver-
satility in application. Their diverse chemical
properties make them suitable for a wide range
of industrial and everyday uses, as illustrated in
Figure 2. There are seven key sectors that utilize
epoxy resin-based products, which are particu-
larly significant from both a strategic and eco-
nomic perspective [17].

BACKGROUND AND MOTIVATION

Current aviation structures primarily use
metals such as copper and aluminium. However,
these materials present several challenges, includ-
ing high weight, susceptibility to corrosion, and
significant maintenance costs. The percentage of
total structural weight attributed to composites in
selected aircraft is illustrated in Figure 3. To ad-
dress these issues, it is essential to explore alter-
native solutions beyond the current technologies.
As a result, new composite materials have been
developed to mitigate problems related to light-
ning strikes and ice accumulation.

The excellent strength-to-weight ratio of com-
posites is also utilized in helicopters to maximize
payload capacity and overall performance. In the
past, Boeing Vertol used composites for rotorcraft
fairings in the 1950s and developed the first com-
posite rotor blades in the 1970s. Today, composite
materials make up nearly 50% of the Boeing 787,
resulting in an average weight reduction of 20%
(Figure 4). Similarly, composites account for ap-
proximately 25% of the Airbus A380’s structure.

Figure 1. Epoxy resin market CAGR (%), growth rate by region — 2015 [17]
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Figure 2. Epoxy resin market share by applications — 2024 [17]
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Figure 3. The percentage of the total structural weight attributed to composites [18]

Composites are now used in critical struc-
tural components of many modern helicopters.
The F-35, a fifth-generation combat aircraft
(Figure 5) designed to replace a wide range of
aging fighter and strike aircraft, consists of 35%
composite materials. Its design enhances stealth
capabilities through features such as a trapezoi-
dal mid-wing configuration, twin tail fins, and an
internal weapons bay.

Composite materials must be properly de-
signed to ensure they perform the intended func-
tions [21]. Industrial materials companies are
continuously developing new composite-based
solutions for use in aircraft. For example, Hexcel
has introduced HexWeb® Acousti-Cap®, a per-
meable cap material embedded into a honeycomb
core, which helps reduce noise during takeoff and
landing in Boeing 737 MAX engines. Addition-
ally, Diab Group supplies Divinycell F, a thermo-
plastic foam used in seats and interior components
of aircraft such as the Airbus A350 XWB [22].

Another sector of the aviation industry where
resin-based composites are widely used is avia-
tion propulsion. In the GE90 engine series (Figure
6), general electric (GE) has made significant in-
vestments in carbon fiber-reinforced epoxy resin
composites to develop high-toughness fan blades.
These composites were designed as an alterna-
tive to traditional titanium alloys. Compared to
conventional titanium alloy fan blades, compos-
ite fan blades offer several advantages, including
improved vibration resistance, lower noise levels,
enhanced bird-strike resistance, and other perfor-
mance benefits. The results demonstrate that high-
toughness epoxy composites provide excellent
safety and reliability in Boeing 777 engines while
maintaining a high level of serviceability [23].

Moreover, composite structural elements
have demonstrated high specific energy absorp-
tion (SEA) under crash loads through appropriate
design and the initiation of suitable failure modes.
The challenge lies in designing a crashworthy
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Materials used in 787 body
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By comparison, the 777 uses 12 percent
composites and 50 percent aluminum.

Figure 4. Composite materials in aerospace application [19]
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produces in Clearfield for the U.S. Air Force’s F-35 fighter jet, also known as
the Joint Strike Fighter, using an advanced new fiber-placement machine. The
composites are lighter than aluminum, yet stronger than steel.
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Figure 5. F-35 JSF composite parts [20]

aircraft structure such as a composite subfloor
that serves a dual function: withstanding flight
structural loads while also providing crash energy
absorption under emergency conditions. For new
composite aircraft, such as the Boeing 787, this
requirement is outlined in Special Condition SC
25-07-05-SC, which mandates that the composite
fuselage must exhibit a safety level equivalent to
that of existing metallic aircraft [25].

Aircraft are exposed to several significant
environmental hazards that can lead to serious
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accidents or reduced performance, making avi-
ation inherently risky. One of the major con-
cerns is lightning strikes, which can impact
various aircraft components, such as the fuse-
lage. When a strike occurs, it generates a high
electrical current that, if not properly dissipat-
ed, can penetrate the aircraft and cause hazard-
ous fires. These direct effects may also result
in the vaporization of resin in the immediate
strike area, potentially leading to burn-through
of the composite laminate [26].
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Figure 6. GE9X engine cross section visualization [24]

Currently, research is being carried out to
determine the softening temperature of polymer-
based materials with additives, which are often
subjected to temperature influences [27]. This
results in the need to conduct research on resin-
based materials used in aviation technology.

The novelty of this study lies in its targeted in-
vestigation of the thermal softening behavior (VST
and HDT) of LH285 MGS epoxy resin, a material
primarily used in aerospace ablative shielding ap-
plications. While LH285 is known for its high-per-
formance characteristics, there is a lack of publicly
available data on its viscoelastic response under
post-ablation thermal exposure conditions, which
is critical for ensuring the integrity of the non-ab-
lated structural zones of the composite.

Unlike previous studies that typically focus
on the ablation layer itself or on the high-temper-
ature resistance of composites as a whole, this re-
search isolates the thermo-mechanical transitions
of the polymer matrix in response to standardized
thermal loads. By varying curing conditions, heat-
ing rates, and load magnitudes, the study explores
the influence of process history on softening be-
havior, providing engineers with valuable insight
into design margins and safety thresholds for such
materials under sub-critical thermal stress.

Furthermore, the research introduces pro-
filometric mapping of indentation topography
after VST testing, highlighting morphological
changes that are not commonly evaluated in
standard thermal testing of epoxy systems. This
aspect may contribute to refining material selec-
tion or predictive modeling in aerospace thermal
protection systems.

EXPERIMENTS

The purpose of this study is to prepare and
conduct an analysis of the thermal properties spe-
cifically, HDT under load and VST as well as the
indirect optical properties of epoxy resin samples.
The optical properties will be evaluated by measur-
ing the samples using an optical profilometer after
the Vicat test. After determining the characteristic
temperatures of the manufactured materials, the af-
fected surfaces will be mapped using an optical pro-
filometer to analyze the impact of the Vicat test pin.

Scope of the study:
e Production of epoxy resin samples using the
free molding method.
e Conditioning of two groups of samples in a cli-
matic chamber for 24 hours at 55 °C and 80 °C.
e Conducting experimental tests on epoxy resin
samples, including the determination of:
— Vicat softening temperature (VST),
— heat deflection temperature (HDT),
— optical observations of the samples after the
VST test.

Research methods

The experimental methods for determining
the softening point using the Vicat method and
the deflection temperature under load for plas-
tics are standardized by the European Committee
for Standardization. These methods are defined
in International Standard ISO 306 for VST and
International Standard ISO 75-2 for HDT. These
standards precisely describe the shape and dimen-
sions of the test specimens.

According to the standard, the samples for
VST tests must be square (i.e., length = width)
and within the following dimensional ranges [28]:
e Length (L) = Width (B) > 10 mm,

e Thickness (H): 3 mm <H < 6.5 mm.

For the deflection temperature under load
(HDT) test, the required specimen shape is a rect-
angular beam with a rectangular cross-section,
where length > width > thickness. The standard
recommends the following dimensions [29]:

e Length (L): 80 =£2.0 mm,
e Width (B): 10+0.2 mm,
e Thickness (H): 4 £ 0.2 mm.

The test specimens were produced using
the free casting method in silicone molds. This
method ensures high shape repeatability, which
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is crucial given the small dimensional tolerance
required for HDT tests. Additionally, it allows for
the simultaneous casting of multiple specimens in
a single, small mold.

For this research, the Instron HV6X instru-
ment was used to test the samples (Figure 7a and
7b). The HV6X is one of the most versatile and
technically advanced instruments for determining
HDT and VST in various thermoplastic and com-
posite materials, complying with the following
International Standards:

e ASTM D648 and ASTM D1525,
e [SO 75-1/-2/-3 and ISO 306.

The HV6X is equipped with independent
working stations that measure the temperature
at which the specimen undergoes a predefined
deflection or penetration under a specific load
while being heated. This process occurs at a de-
fined heating rate in a silicone oil bath, with tem-
peratures reaching up to 300 °C. The instrument
is electronically controlled by a microprocessor
via a touchscreen interface. Additionally, it uses
LVDT transducers and independent thermos re-
sistances at each station to ensure high accuracy
and repeatable results. At the end of the test, the
cooling cycle starts automatically.

After determining the Vicat softening point,
the surface roughness of the samples was ana-
lyzed using a non-contact optical profilometer.
Profilometry is a technique used to extract topo-
graphical data from the surface, which can be
captured as a single point, a line scan, or a full
three-dimensional scan. The primary objective
of profilometry is to obtain information about
surface morphology, step heights, and surface
roughness.

The principle of operation of this device is
based on scanning the examined object with a
beam of visible white laser light. When the light
reaches the surface of the sample, it is reflected,
refracted, and scattered, causing interference in
the returning light wave, which is then recorded
by the device’s detector. This process enables the
acquisition of precise data on the geometry of the
tested surface. Additionally, specialized software
allows for the generation of a 3D surface model.

The surface roughness measurements were
conducted using the MicroProf 100 (Figure 8a
and 8b), a device manufactured by the German
company FRT. This system enables extremely
accurate, non-contact surface measurements in
compliance with international standards. The de-
vice is designed to analyze samples with maxi-
mum dimensions of 150 x 100 x 50 mm and a
maximum weight of 5 kg. It is equipped with
a movable, motor-controlled table for sample
placement. The system operates using

Determination of the Vicat softening
temperature

The test methodology for determining the VST

is specified in the International Standard ISO 306.

These standard outlines four methods for deter-

mining the VST of thermoplastic materials [28]:

e Method A50: using a force of 10 N and a heat-
ing rate of 50 °C/h,

e Method B50: using a force of 50 N and a heat-
ing rate of 50 °C/h,

e Method A120: using a force of 10 N and a
heating rate of 120 °C/h,

e Method B120: using a force of 50 N and a
heating rate of 120 °C/h.

Figure 7. The HV6X instrument: a) general view, b) view of the measuring stations
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b)

Figure 8. MicroProf 100 device: a) general view, b) specimen mouting method

These methods are applicable only to thermo-
plastics and provide a measure of the temperature
at which thermoplastics begin to soften rapidly.
The test consists of determining the temperature
at which a flat indenter reaches a depth of 1 mm
below the surface of the test sample. The sample
is placed horizontally, and the end of the indenter
presses the sample with a defined perpendicular
force. The process occurs under increasing tem-
perature conditions. The temperature, measured
as close as possible to the point where the indent-
er reaches 1 mm, expressed in degrees Celsius, is
known as the VST.

Measuring apparatus and measurement station

The main components of the measuring ap-

paratus and measurement station are [24]:

e Heating equipment — the heating equipment
must have temperature control to allow the
temperature to increase uniformly at a rate of
(50 = 5)°C/h or (120 = 10)°C/h. The heating
equipment typically consists of a liquid-filled
heating bath, in which the test specimen is
immersed to a depth of at least 35 mm. Suit-
able heat transfer media include liquid paraf-
fin, transformer oil, glycerol, and silicone oil,
though other liquids can be used.

e Test frame assemblies — the test frame consists
of a rod and frame equipped with a support
plate or another suitable load-application de-
vice, all held in a rigid metal frame.

e Indenting tip — the tip is flat and perpendicular
to the axis of the rod, and its surface must be

free from burrs. Weights are applied centrally
to the rod, ensuring that the total load applied
to the test specimen is (10 = 0.2) N for meth-
ods A50 and A120, and (50 + 1) N for methods
B50 and B120.

e Penetration-measuring device — this instru-
ment measures the penetration of the indent-
ing tip into the test specimen with an accuracy
of £0.01 mm.

e Temperature-measuring device — this device
measures temperature within a range accurate
to £+ 0.5 °C.

Determination of the temperature of
deflection under load

The methodology for determining HDT is
specified in the International Standard ISO 75,
which consists of three parts. Part ISO 75-2 speci-
fies methods for applying different values of con-
stant bending stress, meaning the nominal value
of the stress applied to the outer surface of the
specimen at half the distance between the sup-
ports. The ISO 75-2 standard is dedicated to plas-
tics and ebonite and contains three methods [25]:
e Method A — a bending stress of 1.80 MPa,

e Method B — a bending stress of 0.45 MPa,
e Method C — a bending stress of 8.00 MPa.

The three-point loading method is used in
ISO 75-2. In this test, the area of uniform stress is
small and concentrated under the center loading
point. The temperature is raised at a constant rate
of (120 + 10)°C/h, and measurements are made to
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record the temperature value when the standard
deflection associated with an increase in bend-
ing strain is reached. The standard deflection is
a function of the height h, the span used, and the
flexural strain increase as given in ISO 75-2 or
ISO 75-3. It is calculated using Formula 1:

2,
L ASf

AS =500 - h

(1)

where: As is the standard deflection, in mil-
limeters; L is the span, in millimeters,
between the lines of contact of the test
specimen and the specimen supports;
Ag, is the flexural-strain increase, in per
cent; /4 is the thickness, in millimeters, of
the test specimen.

The standard deflection values for different
test-specimen heights for 80 mm length x 10 mm
width specimens are shown in Table 5. Moreover,
in the three-point loading method, the force ap-
plied to the test specimen is given, in newtons, as
a function of the flexural stress:

207+ b+ h?
J o M

3L @

where: F is the load, in newtons; of is the flex-
ural stress, in megapascals, at the test-
specimen surface; b is the width, in
millimetres, of the test specimen; / is
the thickness, in millimetres, of the test
specimen; L is the span, in millimetres,
between the supports.

Measuring apparatus and measurement
station

The main parts of the measuring apparatus
and the measurement station are:

e Generation of bending stress apparatus — this
consists of a rigid metal frame in which a
rod can move freely in the vertical direction.
The rod is fitted with a weight-carrying plate
and a loading edge. The base of the frame is
equipped with test-specimen supports, and
both the supports and the vertical members
of the frame are made of a material with the
same coefficient of linear expansion as the
rod (Figure 18).

e Heating equipment — this includes a heating
bath containing a suitable liquid, a fluidized
bed, or an air oven. For heat transfer media
other than gas (air), the test specimen shall be
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immersed to a depth of at least 50 mm. The
heating equipment should have a control unit
to ensure the temperature is raised at a uni-
form rate of (120 = 10) °C/h.

e Weights — a set of weights is provided so that
the test specimen can be loaded to the required
flexural stress.

e Temperature-measuring instrument — this may
be any suitably calibrated temperature-mea-
suring device with an appropriate range, ac-
curate to 0.5 °C or less.

e Deflection-measuring instrument — this may
be a calibrated micrometer dial gauge or any
other suitable instrument capable of measur-
ing the deflection at the midpoint between the
test-specimen supports to within 0.01 mm.

e Micrometers and gauges — these are used to
measure the width and thickness of the test
specimens. They must be accurate to 0.01 mm.

Epoxy used for the preparation
of the specimens

Epoxy resin L285 is produced by the Ger-
man company Hexon. It is a laminating product
with an aviation certificate issued by the Ger-
man Federal Aviation Authority. This resin is
intended for the production of composites re-
inforced with aramid, glass, and carbon fibers.
The hardener used to initiate the cross-linking
process of this resin is a substance designated
as H285, which is added according to the rec-
ommended weight ratio of 100:40. There are
two different hardeners dedicated to this epoxy:
H286 and H287. They have the same mixing
ratio and can be combined in any proportion.
The conditioning process at a temperature of
50-55°C ensures that the resin meets the stan-
dards defined for materials intended for the
production of gliders and motor gliders, which
include operating temperature limits in the
range from -60 to 54 °C. Heating at 80 °C en-
sures compliance with similar criteria for mo-
tor airplanes, where the operating temperatures
range from -60 to 72 °C. The use of L285 resin
and hardener H285 without heating is possi-
ble, but the manufacturer does not recommend
this process. Depending on the hardener used,
the working time ranges from 45 minutes to 5
hours [30] (Table 1, 2).

The epoxy resin and hardener are stored
in pre-packed, separate containers. First, the
two components were mixed in the proportion
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Table 1. Specification of L285 epoxy resin and H285 hardener [30]

Parameter Laminating resin L285 Hardener H285
Density [g/cm?] 1.18-1.23 0.94-0.97
Viscosity [mPa-s] 600-900 50-100
Epoxy equivalent [g/equivalent] 155-170 -
Epoxy value [equivalent/100 g] 0.59-0.65 -
Refractory index 1.525-1.5300 1.5020-1.5500

Note: Measuring conditions: measured at 25 °C

Table 2. Mechanical data of LH285MGS epoxy resin [30]

Mechanical data of neat resin

Density [g/cm?] 1.18-1.20
Flexural strength [N/mm?] 110-120
Modulus of elasticity [kN/mm?] 3.0-3.3
Tensile strength [N/mm?] 70-80
Compressive strength [N/mm?] 120-140
Elongation of break [%)] 5.0-6.5
Impact strength [kd/m?] 45-55
Water absorption 24 h [%] 0.20-0.30
at23 °C 7 d [%] 0.60-0.80

Curing: 24 h at 23 °C (74 °F) + 15 h at 60 °C (140 °F)

Typical data according to WL 5.3203 pp. 1-2 of the German aviation materials manual

recommended by the manufacturer. The PS2100
R2 laboratory scales by Radwag, with a mea-
surement accuracy of = 0.01 g, were used to
measure the mass of the epoxy resin and hard-
ener. The ingredients were then gently mixed
to avoid incorporating air into the solution. The
next step was to place the vessel with the mix-
ture in an ultrasonic cleaner for about 5 minutes
to accelerate the removal of air bubbles. After
the vessel was removed from the apparatus, the
contents were mixed again to achieve the re-
quired homogenization of the liquid. The mold-
ings were then carefully cast into both types of
specimens to obtain the desired thickness. The
specimens were placed on the horizontal surface
of the laboratory table. The entire process of
casting and cross-linking of the resin took place
at room temperature RT, around 23-24 °C.
After 24 hours, the samples were removed
from the silicone molds and divided into three
groups of twenty-four pieces. Two groups were
subjected to heating at 55 °C or 80 °C for 15
hours, while the remaining samples were not
subjected to this process (Figure 15a and 15b).
The samples were heated in the WKL 64 climatic
chamber, manufactured by the German company
Weiss. Thanks to the electronic control of the

heating process, the machine maintained the de-
sired temperature with an accuracy of + 0.1 °C.

The prepared specimens are summarized in
Tables 3. The nomenclature of the specimens is
related to the conditioning temperature and the
application of the test method type. This divi-
sion and nomenclature will be used throughout
the remainder of the engineering study. The ta-
bles also include the dimensions of the samples,
which were measured using an electronic caliper
and a micrometer, ensuring a measurement ac-
curacy of + 0.01 mm. Each sample was inspect-
ed, and any imperfections, such as burrs, were
removed with low-grit sandpaper.

RESULTS

Vicat softening temperature

The VST test began with the configuration
of the Instron Bluehill HV program installed on
a notebook computer. All test parameters were
configured, including test type (VST), standard
(ISO 306), load variant, temperature rise rate
(both load and oil heating rates), initial tempera-
ture (23 °C), and conditioning time (the duration
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Table 3. Specimens for VST and HDT test numbers and parameters

Method parameters Spepimen numb?r Speci.men numober Speci'men numober
(heating at 23-24 °C) (heating at 55 °C) (heating at 80 °C)
RTO1 5501 8001
RT02 5502 8002
VST. AS0 RTO3 5503 8003
HDT A RTO04 5504 8004
RTO5 5505 8005
RT06 5506 8006
RTO7 5507 8007
RT08 5508 8008
VST. B50 RT09 5509 8009
HDT: B RT10 5510 8010
RT11 5511 8011
RT12 5512 8012
RT13 5513 8013
RT14 5514 8014
VST. A120 RT15 5515 8015
HDT: C RT16 5516 8016
RT17 5517 8017
RT18 5518 8018
RT19 5519 8019
RT20 5520 8020
VST. B120 RT21 5521 8021
HDT: none RT22 5522 8022
RT23 5523 8023
RT24 5524 8024

for which the sample is immersed in the oil
before starting the test, set to 5 minutes). This
conditioning time is crucial for ensuring reliable
results, as it allows the temperature of both the
sample and the oil to equilibrate before starting
the test. Next, the samples were placed in the
measuring stations, maintaining their recom-
mended position and ensuring that a minimum
distance of 3 mm between the indenter tip and
the sample edge was maintained. The following
step involved entering the data into the program,
such as the average thickness values of each test-
ed sample. In the VST study, the total mass act-
ing on the indenter at each station was kept the
same. When calculating this, the empty weight
of the bar was taken into account, enabling the
operator to determine the weights to be placed
on the stand. Afterward, the front panel of the
device was closed, and the automatic tempera-
ture control for the heating bath was activated,
stabilizing the temperature at 23°C. A program
was then launched to automatically check the
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heating and cooling systems of the station. It
stabilized the temperature, loaded the samples,
and immersed them in the heating liquid. Once
this was completed, the proper part of the study
began, which involved the displacement of the
indenter tip and the recording of temperatures
rising at a steady pace. The test was concluded
either when a 1 mm depression was achieved
in the last sample or when the test was manu-
ally interrupted. Cooling then started automati-
cally, reducing the temperature of the liquid to
the initial value. The procedure described above
was repeated for each subsequent measurement.
The results of the VST tests are presented in the
form of a diagram showing the relationship be-
tween cavity depth and temperature. Each line
represents measurements from different stations,
and thus different samples. The graph in Figure
9 shows an example of tests results for several
individual samples. Table 4 provides a summary
of all test results.
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Figure 9. VST B120/RT graph of the dependence of deflection as a function of temperature

Table 4. Results of VST temperature measurements under different conditions

Load | Heating rate. tiﬁgg:ztifrr; VST temp. VST temp. VS_T temp. VST temp. S_tar_]dard
[N] [°C/n] °Cl average [°C] median [°C] min. [°C] max. [°C] deviation [°C]
10 50 23 55.53 55.50 54.00 57.10 1.505
10 120 23 59.23 59.45 58.30 59.60 0.488
50 50 23 53.03 52.95 52.90 53.30 0.175
50 120 23 56.40 56.60 55.20 57.20 0.815
10 50 55 73.97 73.95 73.80 74.20 0.137
10 120 55 76.93 76.95 76.20 77.70 0.493
50 50 55 71.65 71.85 70.50 72.40 0.666
50 120 55 74.78 74.90 73.30 75.70 0.808
10 50 80 84.30 84.25 83.90 84.90 0.341
10 120 80 87.43 87.70 85.60 88.10 0.927
50 50 80 82.93 82.90 82.70 83.20 0.186
50 120 80 85.93 86.00 85.70 86.10 0.186

Heat deflection temperature

The HDT test began with connecting the In-
stron HV6X test stand to a computer via an Eth-
ernet cable. Using Instron’s Bluehill HV software
installed on the computer, all the parameters for
the test were configured, including the test type
(HDT), ISO standard (ISO 75-2), option (A, B,
or C), the rate of temperature increase (120 °C/h),
the starting temperature (23 °C), and the pre-
conditioning time. This pre-conditioning time is
crucial for the reliability of the results, as it allows
the temperature of the fitting and the oil to stabi-
lize before starting the test.

Next, the samples were placed in the measure-
ment stations, ensuring they were positioned cor-
rectly in the recommended middle position. The
mean physical dimensions of each sample were
then entered into the Bluehill program. Based
on these dimensions, the software calculated the

load required to achieve the necessary bending
stress value. These calculations took into account
the weight of the bar, allowing the operator to
determine which additional weights needed to be
added to the stand. Additionally, the program’s
dimensions were used to determine the individual
deflection standard for each fitting.

The front panel of the device was then closed,
and the automatic temperature control of the heat-
ing bath was activated. The test was initiated from
the computer. Once the program started, the heat-
ing and cooling systems were checked, the tem-
perature was stabilized, the samples were loaded,
and they were immersed in the heating liquid.

The test proper began once the samples were
fully immersed, during which each station re-
corded the occurring sample deformations and
the temperature increase at a constant rate. The
test concluded when the last fitting reached the
standard deflection. Following this, the cooling
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phase began, reducing the temperature of the
liquid back to its initial value. The test results,
along with the data points, were available in Ex-
cel format and in the Bluehill program’s report.
This procedure was repeated for each subsequent
measurement. The results of the HDT tests were
presented in the Figure 10 as a graph of the de-
flection values as a function of temperature. Each
line represented a different measuring station,
thus corresponding to the various samples. The
all results are summarized in Table 5.

Examination of the specimen surface

One sample from each series, corresponding
to the conditioning temperatures (room tempera-
ture, 55 °C, and 80 °C), was selected for testing.
All three samples were tested using the VST meth-
od type B120, with a force of 50 N and a heating
rate of 120 °C/h. The first step was to place the
test object on the movable table of the device and
secure it. This ensured that the movement of the
sample table did not affect its position.

Next, in the computer program FRT MARK
I controlling the profilometer, the measurement

0,4
0,35
0,3
0,25
0,2
0,15
01

Displacement [mm]

0,05

20,05 25 30 35 40 45 50

range and the accuracy of the reading points were
set. During the measurement, the fitting attached
to the table moved under the laser beam, which
scanned its surface line by line. Once all the mea-
surement points were captured, a surface map of
the fitting was displayed on the monitor. Based on
this data, a 3D model of the sample was generated,
and the topography near the cavity formed during
the Vicat tests was analyzed (Figures 11-13).

The topography of the three types of sam-
ples along the red measurement line appears as
a discontinuous line. This indicates that the pro-
filometer did not register all points of the cavity
geometry. The bottom surface of the hole was
recreated only for the sample annealed at 80 °C.
For the sample heated at 80 °C, individual mea-
suring points were selected, while for the sample
heated at room temperature, no measuring points
were recorded.

Visualizing the top of the cavity in color
shows that the interaction of the standardized
measuring tip distorts the immediate vicinity of
the cavity, creating a geometry resembling an ex-
panding funnel. The clear resin, which lacked col-
or, made it difficult for the profilometer to register

55 60 65 70 75 80

Temperature [°C]

Figure 10. HDT graph of the dependence of deflection as a function of temperature 80 °C / A120

Table 5. Results of HDT temperature measurements under different conditions

HDT bending Preparation HDT temp. HDT temp. HDT temp. HDT temp. Standard
stress [MPa] |temperature [°C]| average [°C] median [°C] min. [°C] max. [°C] deviation [°C]
0.45 23 53.25 53.35 52.80 53.60 0.339
1.8 23 51.12 51.10 50.90 51.50 0.223
8 23 47.85 47.85 47.40 48.20 0.321
0.45 55 67.92 68.05 67.20 68.40 0.515
1.8 55 63.05 63.20 60.20 65.40 1.693
8 55 52.50 54.50 43.40 55.20 4.594
0.45 80 75.15 75.30 74.10 75.80 0.616
1.8 80 67.92 67.85 67.00 69.00 0.794
8 80 57.98 58.10 57.60 58.20 0.264
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Figure 11. Visualization of the hole formed by the profilometer on VST tested for specimen
by 23 °C temperature conditioning
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Figure 12. Visualization of the hole formed by the profilometer on VST tested for specimen
by 55 °C temperature conditioning
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Figure 13. Visualization of the hole formed by the profilometer on VST tested for specimen
by 80 °C temperature conditioning

the bottom of the hole, resulting in a flat surface
resembling the indenter tip.

DISCUSSION

The values of the arithmetic mean, and me-
dian do not differ significantly from each other.
Also, the values of the standard deviation of the
mean are not large, which means that the data ob-
tained do not show a large scatter of test results.
This is also evident in Figures 14 and 15.

The results show that there is a noticeable
increase in the temperature strength of the resin
as the annealing temperature increases during
sample fabrication. The nature of the increase is
close to linear (high correlation coefficient) and
independent of the measurement temperature or
load. Nevertheless, as expected, a slight decrease
in the temperature strength of the specimens is
observed as the load increases during measure-
ment. On the other hand, the marked increase in
use temperature during measurement with a larg-
er temperature increase over time during heating
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allows the assumption that additional hardening
of the material on the sample surface occurs to a
much greater extent than at a lower heating rate.
During the tests, not all specimens reached
the required 1 mm recess value. This is associ-
ated with the low force value set during the test.
Of the four methods used, the method with a 10
N force did not result in the specimens reaching
the required displacement. However, an anomaly
was observed with the RT14 sample. This speci-
men did reach the required displacement for the
10 N force method, which may be due to the pres-
ence of an air bubble inside the specimen. As a
result, it was decided that for these samples, the
“virtual” softening temperature would be deter-
mined. This involves calculating the temperature
at the intersection of two tangent lines drawn to
the experimental curve as a function of tempera-
ture. The first line is tangent to the linear increase
in depression, and the second is tangent to the sta-
bilized depression value. The “virtual” softening
temperature is marked in red in the tables. The
determined temperature of the arbitrary softening
of the material is presented in red in the summary
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Figure 15. VST results: scatter plots with marked 0.95 confidence interval and linear approximation functions

tables. Based on the results obtained, it can be
concluded that the conditioning temperature did
influence the achieved softening point. The sam-
ples conditioned at room temperature showed the
lowest VST values, while the highest softening
point was characteristic for samples conditioned
at 80 °C across all methods used. When consider-
ing the heating rate, it did not have a significant
impact on the results.

The samples subjected to the HDT test
reached different deflection temperatures under
load, depending on the conditioning temperature
and the method used. Specimens conditioned
at room temperature exhibited the lowest heat
deflection temperature under load, while those
conditioned at 80 °C showed the highest values.
The method used also influenced the shape of
the resulting chart. Specimens tested according
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Figure 17. HDT results: scatter plots with marked 0.95 confidence interval and linear approximation functions

to method B parameters (i.e., bending stress of
0.45 MPa) displayed a relatively flat curve in the
initial phase, followed by a sudden increase in
the final phase. In contrast, the characteristics
of the samples tested with method C, due to the
higher applied pressure force, showed a more
gradual increase in displacement at lower heat-
ing temperatures.

One of the diagrams for the C120 method, for
specimen number 5517 conditioned at 55 °C, dis-
played a different characteristic compared to the
others. This anomaly may be linked to a defect
in the sample, specifically air entering the resin.
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This resulted in a larger standard deviation (Ta-
ble 5), as well as a poorer fit of the approximating
function to the measurement results, as indicated
by a worse r* value (Figure 16 and 17).

CONCLUSIONS

Conclusions from the study:

e The conditioning temperature of the epoxy
resin samples has a significant impact on the
measured VST and HDT. Thermal pre-treat-
ment alters the molecular arrangement within
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the polymer matrix, affecting its thermal resis-
tance [31-33].

e The VST B50 method, utilizing a 50 N load
and a low heating rate of 50 °C/h, produced
the lowest thermal resistance values among all
test configurations. These parameters reflect
conservative service conditions, making this
method useful for evaluating the upper operat-
ing temperature limits of the material.

e The heating rate in the Vicat test did not signif-
icantly influence the softening temperature, in-
dicating limited kinetic sensitivity of the tested
epoxy resin under the applied conditions.

e Dimensional consistency of the specimens
was effectively achieved through the free cast-
ing method in silicone molds, which enabled
high repeatability in thermomechanical tests.

e The transparent nature of the epoxy resin ham-
pered effective surface mapping using optical
profilometry. The use of surface dyes or coat-
ings is recommended for future surface char-
acterization workflows [34].

e Investigation into the long-term thermal aging
behavior of epoxy resin to assess mechanical
and thermal stability over extended service
periods [35].

e Evaluation of the effect of various reinforcement
materials (e.g., glass or carbon fibers) on the
composite’s VST, HDT, and structural integrity.

e Study of the influence of environmental fac-
tors (e.g., humidity, UV radiation, thermal cy-
cling) on the thermal and mechanical degrada-
tion of the resin system.

e Future research may focus on the long-term
thermal aging of the resin, the impact of dif-
ferent reinforcement materials, and the influ-
ence of environmental factors on its thermal
and mechanical properties.
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