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Application of Microcalorimetry in Materials Science

This review article discusses the practical use of calorimetric methods in materials science,
in particular for studying phase transitions, determining heat capacity and thermal
properties, investigating defects and structural changes, studying polymers, biomaterials,
surface phenomena, etc. The application of microcalorimetry for monitoring explosives
and pyrotechnics is highlighted.
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Introduction

Microcalorimetry is an extremely powerful tool for studying the properties of materials,
which allows researchers to quantitatively assess the energy changes that accompany physical,
chemical and structural processes in various materials and provides unique information about
the structure, stability and kinetics of transformations. Due to its high sensitivity, it allows
studying subtle thermal phenomena that are difficult or impossible to investigate by other
methods.

As a result of physicochemical processes in the sample under study, which is located in
the reaction chamber, heat flows arise. The operation of existing microcalorimetric measuring
sensors, which convert the temperature of the reaction chamber or the heat flow arising in it
into an electrical signal, is based on physical phenomena of different nature. Thermoelectric
phenomena also belong here [1].
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In many microcalorimetric measurement methods, active thermal effects on the reaction
chamber and other structural elements are used, which are controlled by the introduction or
withdrawal of a certain amount of heat for thermostating or compensation of thermal effects of
the object under study. For these purposes, such thermoelectric phenomena as the longitudinal
Seebeck effect, longitudinal and transverse Peltier effects are used. Vortex thermoelements,
which are based on the effect of eddy thermoelectric currents, are also used as calorimetric
sensors [2, 3].

The use of thermoelectric sensors or thermopiles allows the measurement of very small
heat flows (on the order of microwatts and less), which is critical for studies of small samples.
In differential microcalorimeters (e.g., Calvet or DSC types), thermoelectric sensors are used
to measure the difference in heat flows between two identical chambers: one containing the
sample and the other containing the reference. This allows compensation for background noise
and temperature fluctuations, significantly increasing the accuracy of the measurements [4, 5].

Calorimetric methods are used to study temperature, heat and kinetics of phase
transitions, to determine heat capacity, thermal diffusivity and thermal conductivity, which is
important for simulation of heat transfer. The study of chemical reactions in materials by the
calorimetric method allows us to determine kinetic parameters, study the stability of materials
and surface phenomena. By measuring heat flows, microcalorimetry makes it possible to study
defects and structural changes in various materials, to study polymers, biomaterials and soft
materials, and pharmaceutical products [6,7,8].

Microcalorimetry is widely used to control explosives and pyrotechnics, in particular to
assess their thermal stability and durability, evaluate the compatibility of components, control
the quality of the substance and the resulting product, study the kinetics of the combustion
process and the initial stage of the explosion, and develop new explosives.

In this paper, we will examine how microcalorimetry helps understand the behavior of
materials by measuring thermal effects (heat release or absorption), which directly result from
physical and chemical processes occurring at the molecular and atomic levels. The resulting
experimental data reveals the bond energy between atoms and molecules, a key aspect of
microstructure and opens up new possibilities for creating materials with improved properties.

I. The main types of calorimeters that are used in materials science

In modern materials science, various types of calorimeters are used. The range of
temperatures studied by modern calorimeters is 0.1+4000 K, the values of the measured amount
of heat are in the range from 107 to several thousand J, the accuracy of the results is estimated
as 102 %. The duration of the studied processes is in the range from fractions of a second to
tens of days.

The main types of calorimeters that are widely used in materials science are presented in
the following table.
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Type of Abbreviat Basic What is measured Main areas of
calorimetry ed name | measureme | (Key parameters) application in
nt mode materials science
Temperature and Polymers: T, (glass
enthalpy (AH) of phase | transition temperature,
) _ Dynamic transitions (glass T (melting
Differential (temperature transition, melting, temperature), degree of
scanning DSC P crystallization) and crystallinity. Memanu:
calorimetry chan‘ge over specific heat (C,) Phase diagrams,
time) thermal stability of
alloys.
Reaction kinetics:
Polymerization, curing,
cement hydration,
ITC/TAM corrosion.
(Isothermal Thermal flow (Q) as a Ageing/stability: Life
Isothermal Titration/ Isothermal function of time. prediction (e.g.,
. . (constant Determination of pharmaceuticals,
microcalorimetry| Thermal temperature) kinetics and thermal explosives,
Activity effect (Q). biomaterials).
Monitor)
Chemical safety: Study
of exothermic reactions
Heat flow Isothermal The amount of heat (the@al accel.erati(.)n).
. HFC . released or absorbed Chemical engineering:
calorimetry or dynamic during a reaction. Optimization of
industrial processes.
Fuel and energy:
Determination of the
Bomb Adiabatic/ Heat of combustion calorific value of coal,
. BC . (energy value) (AU, petroleum products,
calorimeter Isoperibolic AH). biofuels. Explosives:
Estimation of energy
content

DSC is an indispensable tool for rapid qualitative and quantitative analysis of structural
changes in a material upon heating or cooling. ITC/TAM microcalorimetry is a method
extremely important for kinetic analysis, measuring very small thermal effects that occur slowly
at a constant temperature and providing information critical for predicting the service life of a
material. Heat flow calorimetry is a set of methods for measuring the amount of heat released
or absorbed in a process (physical, chemical or biological), as well as measuring the heat flow
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itself. These calorimeters are equipped with heat flow sensors (e.g. thermoelectric modules)
that measure heat output. The bomb calorimeter is indispensable for analyzing the energy value
of fuels, food products, pyrotechnics and explosives.

Il. Schematic analysis of the main areas of application of microcalirimetery in
materials science:

MICROCALORIMETRY
IN MATERIALS SCIENCE

THERMODYNAMIC ANALYSIS METHOD

l

MEASUREMENT OF THERMAL EFFECTS

RESEARCH OF MATERIAL DEVELOPMENT OF NEW
CMTARACTERISTICS MATERIALS
! |
PHASE TRANSITIONS PROPERTIES APPLICATION N A%%Nl\i&sgg; S
(melting, crystallization) (compatibility)
' |
THERMAL STABILITY
polymerization) (Ta—
structure
! I
REACTION KINETICS PYROTECHNICS AND
(hydratation, corrosion) (E}i"P;OtSaLY]jEt\?}
safety, stabi

OPTIMIZATON OF MATERIAL PROPERTIES AND
PERFORMANCE CHARACTERISTICS

lll. Examples of practical applications of microcalorimetry in materials science
1. Study of phase transitions

Phase transition temperatures: precise determination of melting, crystallization, glass
transition, polymorphic transformation temperatures, the Curie effect, etc. This is important for
metals, alloys, polymers, ceramics, and composites. For example, the Curie temperature and
phase transition heat were studied in BaxSri—xTiOsmaterials [9]. Certain parameters were
verified either by the temperature dependence of the permittivity or by the thermodynamic
method. Microcalorimetry was found to be a useful tool for studying phase transition
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phenomena in ferroelectric perovskites. In [10], granular microcapsules with BASF Micronal
DS5038 X phase change material (PCM) were studied using thermal analysis:
thermogravimetry (TG) and DSC in the temperature range from —20 °C to 55 °C or 80 °C,
which corresponds to two separate phases of the filler phase transition. Heating/cooling rates
from 1 to 10 K min were used. The enthalpy, the onset/end temperatures of the phase
transitions and the temperature dependences of the specific heat capacity were determined.

Phase transition heats: Quantifying the enthalpy of phase transitions provides insight into
the energetics of the process, which is important for thermodynamic modeling and predicting
the behavior of materials in different situations. Nanoscale methods such as small-angle neutron
scattering, supplemented by microcalorimetry to determine the phase composition and domain
structure, are used to detect phase separation in membranes. The coexistence of solidus-liquidus
phases in a mixture of saturated lipids was investigated in [11], which showed an overlap of the
boundary traces for multilamellar and unilamellar 50 nm vesicles.

Phase transition kinetics: Studying the rates and mechanisms of phase transformations
(such as polymer crystallization or quenching/tempering of metals) enables optimization of
materials processing. Phase transitions are a key factor in changing the mechanical or electronic
properties of materials. Understanding the thermodynamics and kinetics of these transitions
forms the basis of modern materials science. Phase transition kinetics are studied by measuring
heat flow, and microcalorimetry allows for real-time monitoring, providing insight into the
energetics of the process.

The kinetics of the a<f3 phase transformations in the Ti—4.4 wt.% Ta—1.9 wt.% Nb alloy
was studied in [12] using isochronous DSC in the range of heating/cooling rates 3-99 °C-min".
It was found that the a—f transformation is diffusion-controlled, and the reverse is controlled
at the interface. The determined thermokinetic parameters allowed us to construct continuous
heating/cooling diagrams, which is useful for selecting the parameters of production and heat
treatment of the alloy. In [13], the ferroelectric phase transition in barium titanate under pressure
was investigated using DSC and Landau-Ginsburg theory, demonstrating an innovative method
of thermal measurements. A new tricritical point characterizing the change in the phase
transition was experimentally determined and theoretically confirmed. Increasing the depth of
quenching expands the pressure range for the multidomain structure and narrows it (up to
disappearance at p = 145 MPa, T = 395 K) for the single-domain one. That is, the pressure
during quenching can be used to control the physical properties of the perovskite material. In
[14], the behavior and kinetics of the phase transition of zirconium alloys under non-isothermal
conditions were analyzed using DSC. The phase transition temperature was studied on DSC
curves. Its dependence on the heating rate was revealed. The change in enthalpy of 1035 steel
during phase transformation at different cooling rates was also measured using DSC [15]. The
results showed that the activation energy of the phase transformation process varied depending
on the transformation fraction, and the functions of the transformation process mechanism
differ in different temperature ranges.

Simulation using the JIMAK equation [16] showed a good agreement with the DSC data
of the kinetics of martensite-austenite transformation in high-temperature Ni-Ti-Hf shape
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memory alloys obtained at four heating rates. It was found that the heating rate regulates the
transformation enthalpies, allowing control of the phase transition parameters. In the study [17],
cylindrical rods made of martensitic-aging Fe-Cr-Ni-Al steel, manufactured by laser powder
deposition, were analyzed by DSC. During continuous heating at different rates, heat flux peaks
were identified that corresponded to the phase transformations of precipitation and austenite
reversion. The temperatures of the beginning and end of these transformations were determined.

2. Determination of heat capacity and thermal properties

Specific heat capacity (Cp). Accurate measurement of the specific heat capacity of
materials over a wide temperature range is important for heat transfer calculations, thermal
system design, and simulation of material behavior.

Thermal diffusivity and thermal conductivity. Direct measurement of heat capacity and
heat flows can be used in combination with other methods for determining thermal conductivity.

In [18], using an improved RD496-II1 microcalorimeter, a formula was developed to
determine the specific heat capacity of thirteen solid compounds with a total deviation within
1.0 %. A special calorimetric device was developed to measure the specific heat capacity of
asphalt concrete [19].

In [20], a method of continuous thermal pulse measurement for the simultaneous analysis
of heat consumption Q and heat capacity Cp in liquids is presented, which allows overcoming
the difficulties associated with fluctuations in Cp during water evaporation. The method
consists in directly applying a 400 nl drop of sample to a microcalorimeter, which is repeatedly
heated by light-emitting diode (LED) radiation (100 ms pulses, 10 s repetition), with
simultaneous measurement of the temperature response. In [21], a new approach is presented
for more accurate (+£1-2%) and reproducible measurement of the specific heat capacity
Cy (J K g'!) of materials using DSC.

3. Study of chemical reactions in materials

Calorimetry is also used to measure enthalpy changes during chemical processes. The
calorimetric method is used to study: 1) reaction kinetics - measurement of thermal effects
accompanying chemical reactions (polymerization, decomposition, oxidation, corrosion);
2) stability of materials — studying the thermal stability of materials can reveal the onset of
degradation, which is accompanied by the release or absorption of heat; 3) surface reactions -
studying the adsorption/desorption of gases or liquids on the surfaces of materials (for example,
in catalysts, sorbents) to obtain information about the binding energy and interaction
mechanisms.

A new setup for heat analysis of continuous single- and multiphase reactions is presented
in [22]. The principle is based on the measurement of real heat flow with a resolution of 10 mW.
In addition to mixing ethylene glycol with water, industrially significant exothermic processes
were investigated: phenol nitration, nitrobenzene reduction, and other redox reactions. The
commercial ChemiSens CPA202 calorimeter was modified with a glass static mixer and a
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microreactor, allowing volumes up to 5.5 ml. The experiments were carried out by feeding
separate streams of liquid or gas using pumps, mixing them in a thermostated zone of the
calorimeter.

The method of calorimetric measurements of temperature changes caused by heat
exchange between objects or substances during a chemical reaction is described in the book
[23]. Methods for measuring enthalpy changes AH of chemical processes are presented. Heat
flow measurements can be made using a constant pressure calorimeter (directly obtaining AH)
or a bomb calorimeter (for combustion enthalpies at constant volume).

Paper [24] reports the development of calorimetric sensor arrays capable of measuring
nanometer-thick samples at rates up to 105 K/s, suitable for the study of complex materials
using a combinatorial approach based on sputtered thin films and computational modeling.
Nanocalorimetry is ideal for assessing the kinetics of solid-state and gaseous reactions, and its
use in multilayer Zr/B and Zr/B4C materials is demonstrated. The capabilities of a new
isothermal calorimetric sensor are demonstrated for use in biophysics in studying the energetics
of an active microtubule gel driven by molecular motors.

The simultaneous determination of the enthalpy of mixing and reaction in a milliscale
continuous flow calorimeter was investigated in [25], which is important for assessing the safety
of chemical processes. Due to the increasing demand for lithium-ion batteries and the risk of
their thermal explosion, the decomposition kinetics are studied by the calorimetric method [26].
Experimental data improve the approximation models of the process.

4. Study of defects and structural changes

Crystal lattice defects are determined by measuring the energy associated with the
formation, migration, or annihilation of point defects (vacancies, interstitials) and dislocations
in crystalline materials. Aging processes are studied by studying the subtle thermal effects
associated with the aging of materials (e.g., polymers, alloys), which can indicate changes in
their structure and properties [27]; Radiation defects are detected by studying the energy
released or absorbed during the formation and annealing of radiation defects in irradiated
materials, which is critically important for nuclear power.

The availability of high-temperature Calvet calorimeters, improvements in thermal
analysis equipment, and the possibility of accurate cryogenic measurements of the heat capacity
of milligram samples were noted in [28]. The study of refractory ceramic materials is
complicated by their non-reactivity, complex structures, multicomponent composition, non-
stoichiometry, and order-disorder phenomena.

For refractory ceramics and minerals, the use of molten oxide solvents at 700-800°C is
effective. In [29], the Wadsley-Roth phase shift compound (Wo.2Vo.s)s0O7, a promising material
for fast-charging electrodes, was studied by operando calorimetry. Calorimetric analysis
showed that the synthesized nanoparticles have lower ionic resistance, are able to accommodate
more lithium, and lithium intercalation in them is kinetically more favorable.

The kinetics of amorphous defect phases localized at grain boundaries using ultrafast
DSC at high temperatures and scan rates was investigated in [30]. The materials were
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purposefully treated by annealing/quenching. The understanding of grain boundary processes
was deepened, which has potential significance for the design and optimization of advanced
materials. In [31], for highly accurate and efficient characterization of thermophysical
parameters associated with martensitic transformation in shape memory alloys, it was proposed
to use modulated DSC, which allows detecting the reversible and irreversible parts of thermal
events during MP and obtaining useful thermal parameters.

5. Research on polymers

Microcalorimetry is a valuable method for studying polymers, providing insight into their
energetics and interactions. It allows us to study phenomena such as polymer adsorption, phase
transitions, and the influence of additives, offering a detailed understanding of the behavior of
polymers. In particular, determining the glass transition temperature, which is an important
characteristic of amorphous polymers; studying the processes of crystallization, melting,
polymorphic transitions and their kinetics in crystalline and semi-crystalline polymers;
monitoring the thermal effect of polymerization, which allows us to control the process and
optimize synthesis conditions; detecting thermal effects of mixing or phase separation in
polymer mixtures.

In [32], an integrated microfluidic thermal sensor for the characterization of the thermal
properties of nanoliter liquids and thin polymer films is presented. The device, consisting of a
polysilicon heater and microthermopiles on a thermally insulated membrane, allows for
alternating current calorimetric measurements to determine the thermal conductivity of liquids
and five typical polymers. In [33], ITS experiments are presented for measuring the heat of
adsorption of polyethylene glycol on nonporous silica nanoparticles, which allowed
determining the adsorption isotherm and revealing the influence of temperature and molecular
weight on the interaction parameters. In [34], the latest developments in the application of DSC
for the physicochemical analysis of polymeric materials are highlighted.

The problem of slow degradation of plastic and non-biodegradability of organic
compounds is a significant environmental risk. In [35], microcalorimetric analysis showed that
1 % rosemary extract increases the biodegradability of polyethylene films, reducing the degree
of their crystallinity. With the development of additive manufacturing, it is relevant to expand
the library of materials. In laser powder deposition, where thermoplastics are used, powdered
thermosetting polymers can also be used. The problem of slow plastic degradation and the non-
biodegradability of organic compounds is a significant environmental risk. In [35],
microcalorimetric analysis showed that 1% rosemary extract increased the biodegradability of
polyethylene films by reducing their crystallinity. With the development of additive
manufacturing, expanding the material library is essential. Laser powder cladding, which uses
thermoplastics, can also utilize powdered thermosetting polymers.

To assess their compatibility, [36] compared the curing behavior of a commercial
polyester powder coating as a model material using DSC and fast scanning calorimetry (FSC)
at heating rates from 5 to 7500 °C/min. Both methods revealed curing exotherms. [37] studied
the thermal properties and pyrolysis decomposition of cotton fibers modified by silanization
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and sulfation-phosphorylation using various methods, including DSC. The results are important
for the application of modified cotton fibers in fire-resistant materials.

Microcalorimetry and thermal analysis were used to study BND 70/100 bitumen and
polymer-modified bitumens based on it. The influence of individual polymers on the structural
organization of bitumen and its resistance to thermal degradation was revealed, which has a
significant impact on operational characteristics [38].

6. Study of adsorption and surface phenomena

Adsorption microcalorimetry - measurement of the heat of adsorption of gases or liquids
on the surfaces of materials, which provides information about the nature and strength of the
bond between the adsorbate and the surface, as well as the number of active centers. The study
of the thermal effects of surface wetting by liquids is important for understanding adhesion,
material compatibility, and coating formation processes.

Review [39] highlights the key role of microcalorimetry in the study of solid-liquid
interactions. Microcalorimetry provides important thermodynamic information that helps to
understand the direction and limitations of interactions. Common methods such as DSC, ITC
and immersion microcalorimetry are reviewed. The factors affecting the enthalpy change and
the specific applications of microcalorimetry in the study of various solid-liquid binding
processes are discussed and it is noted that a significant amount of information on solid-liquid
interactions still awaits investigation using calorimetry.

In [40], the textural parameters of graphene oxide (GO) and graphite (Gr) samples were
determined. The pore size distribution was estimated using mathematical modeling. The results
were compared with the immersion enthalpies obtained using molecules of different kinetic
diameters (0.272-1.50 nm). It was shown that the calorimetric method provides results
comparable to the data of N2 adsorption isotherms at 77 K.

Due to the need to reduce CO2 emissions, layered double hydroxides and their derivatives
are being investigated as promising CO2 adsorbents due to their low cost, easy synthesis, high
sorption capacity and surface basicity. Adsorption calorimetry [41] allowed us to establish a
linear correlation between the surface basicity of the obtained mixed oxides and their sorption
capacity for COx.

The curing of cyanoacrylate adhesive was investigated using a microcalorimeter. The
effects of gap formation and adsorption of an acid stabilizer of the adhesive by various metal
and glass substrates were studied [42].

7. Research into biomaterials and soft materials

Microcalorimetry is a powerful method for studying both biomaterials and soft materials
due to its ability to measure the heat flow associated with various processes, which provides
insight into materials properties, molecular interactions, and stability over time.

Interaction of biomolecules with materials. Studying the thermal effects of interactions
of proteins, nucleic acids, or lipids with biomaterial surfaces is crucial for the development of
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implants, drug delivery systems, and biosensors. ITS is a key method for understanding the
interactions of biomolecules and nanoparticles, which is fundamental for biomedical,
environmental, and toxicological applications [43]. ITS quantitatively determines the
thermodynamic parameters of intermolecular interactions in situ, providing information on the
binding affinity, interaction mechanism (AH, AS, AG), and binding stoichiometry. This
improves the mechanistic understanding of the protein corona around nanomaterials in
biological environment. A mini-review [44] shows that nanomaterials with a hydrophilic
surface, without a strong charge and with steric stabilization, exhibit the weakest and least
nonspecific interactions with proteins, which makes them the most promising for the formation
of a controlled protein corona. The potential application of ITS and flow calorimetry to study
specific problems and relationships of the adsorption behavior of proteins and various factors
affecting it is studied in [45, 46]. Review [47] aims to deepen the understanding of biomolecular
interactions by using the ITC method for the thermodynamic characterization of two important
biomaterial systems: self-assembling peptides and non-fouling polymer-modified surfaces.
Understanding the molecular basis of specificity and recognition between proteins and ligands
is a key goal of modern molecular biology. The most accessible thermodynamic quantity for a
protein entering a bound state is the enthalpy [48].

Stability of biomaterials. Provides for monitoring the thermal stability of biomaterials,
hydrogels, liposomes. Report [49] discusses the application of quasi-isothermal modulated
differential scanning calorimetry (QiMDSC) for the analysis of soft tissue biomaterials and
their crosslinking mechanisms, in particular using glutaraldehyde (Glut). QIMDSC, a variation
of traditional DSC, is already used to analyze polymorphic transformations in the
pharmaceutical and food industries.

The book “Biomaterials: From Carousel Material Design to Implant Optimization”
presents the use of DSC in research related to biomaterials and their modifications [50]. In
particular, the research concerns: 1) chemically induced crosslinking of peptide fibrils to create
scaffolds of polymer particles and macrophages; 2) studying a coating consisting of a thiol-
terminated self-assembled monolayer and immobilized low molecular weight heparin (LMWH)
to locally prevent blood clot formation on the surface of titanium dioxide (TiO2) in the motor
of a left ventricular assist device; 3) optimizing a material for intraocular lenses with a high
refractive index and hydrophobicity.

8. Control of pyrotechnic and explosive substances by microcalorimetry

Microcalorimetry is an important tool for quality control, safety and stability of
pyrotechnic and explosive substances. It allows you to study the thermal changes that occur in
these substances during chemical reactions and phase transformations and obtain critically
important information. Advantages of microcalorimetry for explosives control: 1) high
sensitivity, i.e. the ability to detect even minor thermal changes, which is especially important
for monitoring slow decomposition or interaction processes; 2) small sample sizes — very small
amounts of substance (milligrams) are analyzed, which increases the safety of experiments; 3)
controlled conditions — the ability to conduct measurements under conditions of precisely
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controlled temperature, pressure, gas environment; 4) versatility — the use of different
measurement modes (isothermal, dynamic).

Let us consider the main applications of microcalorimetry in the control of pyrotechnic
and explosive devices.

1. Thermal stability and durability assessment consists in determining the exothermic
decomposition temperature, which is a key indicator for assessing the stability and safe storage
of explosives. Kinetic parameters (activation energy, pre-exponential factor) of decomposition
reactions are obtained by isothermal or dynamic measurements, which allows predicting the
service life and conditions of safe storage of materials. Studies of explosive samples at elevated
but safe temperatures make it possible to simulate aging processes and assess their impact on
stability and properties. The presence of small amounts of unstable impurities can significantly
affect the thermal stability of explosives. Microcalorimetry can detect these anomalies in the
thermal profile.

2. Assessing component compatibility: Pyrotechnic and explosive mixtures often consist of
several components. Microcalorimetry allows for the detection of undesirable chemical
reactions or physical interactions between them. Assessing storage safety involves identifying
exothermic reactions between components long before dangerous temperatures occur, allowing
for risk assessment and safer storage of explosives.

3. Quality control of raw materials and finished products: each explosive material or
pyrotechnic component has a unique thermal fingerprint (melting point, decomposition
temperature, phase transition temperature). This allows the use of microcalorimetry for rapid
identification and verification of raw material purity; comparison of the thermograms of the
samples being tested with reference data allows for verification of product compliance with
established quality and safety standards.

4. Studying combustion and explosion kinetics (early stages): Although microcalorimetry does
not measure the detonation rate itself, it can provide data on the initial, slower reactions that
precede combustion or explosion.

5. Development of new explosive formulations. Thermal effects studies allow us to evaluate the
influence of various additives, binders, or modifiers on the stability and thermal behavior of
new explosive formulations and assist in studying the energetic aspects of chemical
transformations in explosive formulations.

Paper [51] is an introduction to thermal analysis (including DSC) of explosives and
powders, covering parameters such as heat capacity, mass loss, reaction onset temperatures and
enthalpies. Within the framework of the A95KL486 project (at the request of DMKL), a
database of explosive and propellant characteristics was created. For this purpose, 16
explosives, 5 propellants and 4 polymers were investigated using DSC and DTA/TG. Key
parameters (heat capacity, mass loss, onset temperature, enthalpies) were determined, which
are a guideline for quality control of new samples and can be used as input data for modeling
other experiments. DSC and TG can also be used to determine the compatibility of explosives
with various polymers in accordance with STANAG 4147, one of the military standards of
NATO member countries, which is limited to studying the chemical compatibility of
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ammunition components with explosives and does not cover procedures and requirements for
preventing non-compliance for other reasons [52].

The condition of the powder is monitored by studying its thermal behavior or determining
the amount of stabilizer remaining. This is especially important for nitrocellulose-based
powders, which are unstable. The causes of accidents are often old material, extreme storage
conditions, or a combination of these factors. Modern test methods strive to reproduce real
storage conditions as accurately as possible. For such studies, the optimal method is heat flow
calorimetry [53]. Paper [54] is devoted to the study of the thermal decomposition of black
powder using various thermal methods, including DSC. Exothermic reactions were observed at
temperatures up to 230 and 140°C in inert and oxidizing media, respectively. In [55], a Calvet
microcalorimeter was used to study the thermal behavior of a composite modified dibasic
powder with RDX. The use of microcalorimetry for testing the compatibility of explosives and
other materials, as well as for testing the stability of pyrotechnic materials under various
conditions, is discussed in detail in [56, 57, 58]. Microcalorimetry has reportedly been used in
Bofors explosives laboratories for over 10 years, mainly for testing the compatibility of
explosives and other materials, as well as for testing the storage stability of pyrotechnic articles
under various environmental conditions.

In [59], the chemical compatibility of two types of fuel with two types of polymer
materials was investigated using heat flow calorimetry, DSC and other methods (according to
STANAG 4147). Heat flow curves for fuels, polymers and their mixtures were determined and
compared, the energy produced was calculated and absolute and relative compatibility indices
were established. The degree of chemical instability strongly depends on the chemical structure
of the explosives - aromatic and aliphatic nitro compounds, secondary nitramines and organic
azides are relatively stable, while aliphatic nitrate esters have a much lower stability. The aging
rate of explosives can be significantly accelerated by incompatibility reactions between
explosives and contact materials [60].

Compatibility is critical for energetic materials and their additives (casings, binders), as
incompatibility creates additional risks during ammunition handling and storage. Several
compatibility tests were compared in accordance with NATO standards. A wide range of
energetic materials (single- and dual-base propellants, explosives: RDX, PETN, HMX, TNT)
and additives (Teflon, polypropylene, self-igniting casing, inhibitors) were examined using
various methods, including DSC. These studies are a key to safety and service life [61].

The use of DSC to measure the thermal decomposition characteristics of high-energy
materials and obtain kinetic parameters is shown in [62]. The microcalorimetric method for
testing the compatibility of components of combustible materials and cast composite explosives
is based on the change in power when measuring separately different contacting materials and
their mixtures during isothermal treatment [63]. The analysis of military explosives in terms of
thermal stability depending on their composition is considered in [64]. In [65], the use of DSC
to study the compatibility of individual explosives with different polymeric materials is shown,
being an important aspect for safe storage and use, and the STANAG4147 standard was used
as a criterion to assess the compatibility between the observed materials.
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Paper [66] presents the use of DSC to assess the thermal hazards of nitroalkanes, a class
of compounds related to explosives. Correlations of DSC data with the potential for explosion
propagation are also discussed. The use of DSC to study the shelf life of energetic materials
using dynamic DSC thermograms, which is a faster and more economical alternative to standard
aging methods, is reported in [67]. Review [68] discusses the use of DSC to study the thermal
properties of energetic materials, including decomposition and kinetics, and the problems that
can arise in interpreting the data. Paper [69] using DSC, fills a gap in the knowledge of the
aging effects of explosives due to low doses of radiation and is critical to establishing the safety
of their handling after exposure to ionizing radiation. DSC for all samples showed no significant
changes after irradiation.

Paper [70] is an example of the study of new nanoenergetic composites, where various
methods, including DSC, are used to study thermal decomposition and kinetics. It is shown that
the developed nanoenergetic composite based on the nitrated cellulose nanostructure can serve
as a promising candidate for practical application in solid rocket fuels and composite
explosives. Paper [71] discusses the standardization of thermal decomposition temperatures
using DSC at different heating rates of the energetic material. The DSC methodology is central
to the study, which makes it relevant for understanding modern approaches.

Pyrotechnic compositions are energetic materials made of a reactive combination of
granular reducing agents with granular oxidizing agents. Due to new international standards such
as REACH, many components of pyrotechnic compositions need to be replaced, so it is necessary
to investigate the interaction between the components. Papers [72, 73] concern the study of
important parameters of the characteristics of a given pyrotechnic composition by the DSC
method. The thermal and shock sensitivity of pyrotechnic compositions containing potassium
perchlorate, aluminum and graphite was studied by a group of researchers [74]. DSC and TGA
were used simultaneously to study thermal sensitivity. The chemical reactions of pyrotechnics
generate a large amount of heat in a closed system and lead to a thermal explosion. Although
there are many thermal measurement methods to characterize the hazardous nature of pyrotechnic
mixtures, accelerating rate calorimetry (ARC) is the only adiabatic and universal calorimetry that
provides reliable data. ARC data can be used to establish temperature and pressure limits for the
safe operation, storage, and transportation of pyrotechnics [75, 76, 77, 78].

The study of ionic liquids using thermal analysis tools, namely thermogravimetric
analysis and DSC, is reported in [79]. Their thermal stability is an important factor in many
potential applications, such as heat transfer fluids, battery electrolytes, and high-temperature
lubricants.

In [80], the construction of a microcalorimeter of the RD496-1I type for measuring the
thermal conductivity of fuel pellets and explosives is reported. Two constants of the device and
the thermal conductivity of seven materials were determined. Isothermal microcalorimetry was
used to determine the chemical compatibility of ammunition components with explosives and
rocket fuel, the fuel was studied for 168 hours at a temperature of 85 °C [81]. Paper [82]
demonstrates the direct application of isothermal microcalorimetry to study the effect of
temperature and stabilizers on heat generation in powders, which is critical for assessing their
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durability. The two-component pellet fuel K 6210 was studied using the isothermal
microcalorimetry method depending on different methods of sample preparation and the
atmosphere above the fuel [83].

The aging behavior of a pyrotechnic mixture of magnesium and potassium nitrate was
investigated at 50 °C and 65 % relative humidity using isothermal heat flow calorimetry [84].
Measurements were performed in air and in an inert environment. The effect of the aging
process on the pyrotechnic response was also investigated using high-temperature DSC under
ignition conditions and modulated temperature DSC.

Calorimetry is also used as a non-destructive analysis method to determine the output
power of heat-generating nuclear materials, etc. [85], to measure the rate of nuclear heating
inside a reactor [86, 87].

It should be noted that microcalorimetry, although powerful, is not the only method for
controlling explosives and pyrotechnics. It provides information on the thermodynamic and
kinetic aspects of their behavior, but does not replace tests for sensitivity to impact, friction,
spark, as well as direct tests for detonation characteristics. Microcalorimetry is part of a
comprehensive approach to assessing the safety and properties of pyrotechnic and explosive
materials.

Conclusion

Microcalorimetry is a highly sensitive analytical technique that measures very small heat
changes that accompany chemical and physical processes in real time and is an indispensable
tool for fundamental and applied research in materials science, providing unique
thermodynamic and kinetic information about the behavior of materials. This information
allows researchers to gain deep knowledge about the properties of materials, their stability,
interactions and reactivity. Microcalorimetry allows us to understand the energetic nature of
processes in materials, control their properties and develop new compounds, alloys, polymers
and nanostructures with predictable characteristics. As the capabilities of microcalorimeters
improve, this field will expand, flourish and continue to prove its usefulness.
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1IHCTHTyT tepmoenekTpukn HAH ta MOH Ykpainn,

ByJ1. Haykn, 1, UepHnisi, 58029, YkpaiHa;
YepniBenpKuii HalioHanbHU yHiBepcuteT imeni IOpis denpkosuua,
ByJ1. Komrobuncrkoro 2,Yepnisii, 58012, Ykpaina;
ByKOBUHCHKHII JIepsKaBHUI MEUYHUI YHIBEPCHTET,
TeatpansHa miomma, 2, Yeprisii, 58002, Ykpaina

3acTocyBaHHA MIKPOKaJIOpUMeTPil y MaTepiajo3HABCTBI

B yiii oensdosiiic cmammi po3ensHymo npakmuuHe GUKOPUCAHHA KANOPUMEMPUYHUX
Memoois y Mamepiano3HAECmsl, 30Kpema 01 GUBUEHHS Pa308ux nepexoois, GUHAUEHHS
MENIOEMHOCTE MA MEN0BUX GIACTNUBOCMEU, OOCTIONCEHHS OeheKmie i CMmpPYyKmypHUX
3MIH, 0OCHIOJHCeHHs nonimepis, biomamepianie, nosepxnHesux sguuy ma iH. Buceimneno
3ACMOCYB8AHHS MIKDOKALOPUMEMPIL OJist KOHMPOIIO 8UOYX0BUX PEUOGUH MA NIPOMEXHIUHUX
3aco00i8.

KurouoBi ci10Ba: MiKpoKalopuMeTpist, MaTepialo3HaBCTBO, (ha30Bi Mepexoau, MoIiMepH,
Oiomarepianu, BHOYXOBI PEYOBUHH.
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