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Fourier Transform Infrared spectroscopy
Gas Chromatography

lon Mobility Spectrometry

Modulated Differential Scanning Calorimetry
Micromanipulator MP-85 from Sutter Instrume
Mass spectrometry

Polarized Optical Microscopy

Small-Angle X-ray Scattering

Scanning Electron Microscopy

2,4.6,8,10,12-hexanitro-2,4,6,8,10,12-heasgsdwurtzitane

Nitrocellulose
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AC mode
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1. Introduction




Chapter 1. Introduction

1.1. General background

Calorimetry is one of the main techniques of thdrarelysis. Most of physical or
chemical modifications of material are associateith whermal effects whereby heat is
absorbed (i.e., endothermic phenomena such asngjelor released (i.e., exothermic
phenomena such as crystallization or thermal deositipn). For such transitions,
calorimetry allows determining the transition heatsl temperatures.

Calorimetric experiments are most often performeih wDifferential Scanning
Calorimetry (DSC), which measures the heat fluxodisd or released by the sample to
follow the same heat program as the reference rahter these experiments, measurements
are typically carried out on a few milligrams ofhgale. However, for many applications one
has to handle nanograms or even picograms of sa@pkeof such applications is relevant to
studies of materials which can release a significamount of energy during their
decomposition (energetic materials). The releasengfrgy is obtained by mechanisms of
intramolecular oxydoreduction. Different ways cagder this release: heating the materials
till the decomposition temperature, impact, friotidVioreover, calorimetry able to handle
nanograms of sample could find potential appliceginm the field of explosives detection.

The temperature increase can initiate several phenon in energetic material, therefore the
calorimetry is a good technique to characterize sndletect energetic materials such as
nitrocellulose (NC), hexogen (RDX), 2,4,6,8,10,khnitro-2,4,6,8,10,12-
hexaazaisowurtzitane (CL-20) and penthrite (PETN).

The energetic materials detection by calorimetrg htiracted quite some interest.
Thus, a brief communication appeared in Natureclviwas entitled “A microsensor for
trinitrotoluene vapour® is a proof of the scientific community interest. the referenced

work, the authors use a heated microcantileveetoal traces of TNT.

1.2. Calorimetry

This section describes the basics of DSC, the #&ymisaracteristics of a calorimeter and

the main equations used to analyze the resultalofimetric experiments.




Chapter 1. Introduction

1.2.1. Introduction

Calorimetry measures the amount of energy exchangede form of a heat flow
between two interacting systems over the experirdardtion. Calorimeters can be classified
according to the different characteristics such as
(a) Measuring principle:

(i) Measurement of the energy required for compimsaof a thermal effect

(compensation calorimeters)

(i) Measurement of the temperature change of #lericneter substance due to the

thermal effect (temperature-changing calorimeters)

(i) Measurement of the heat exchange between ricadter substance and

surroundings (heat-exchanging calorimeters)
(b) Mode of operation:

(i) Isothermal (the sample temperature remainstaon: AT = 0, the housing of the
calorimeter stays in thermal contact with the emvinent)

(i) Isoperibolic (refers to calorimeter in contawith a constant temperature
body/liquid)

(iif) Adiabatic (no heat exchange with the envimant)

(c) The principle of construction:

(i) Single calorimeter

(i) Twin or differential calorimeter which uses dwcrucibles (the first one for

reference and the second one for sample).

For compensation calorimetersthe electric energy is supplied separately tostraple and
reference.

Fortemperature-changing calorimeters the heat to be measured changes the temperéture o
the calorimeter substance with which the heat shamged. In this kind of calorimeter, the
signalAT is maximized by decreasing the heat exchangetivgtenvironment.

For heat-exchanging calorimetersthe sample temperature chang&¥)(are measured\T

is maximized by decreasing the heat exchange wilstirroundings.

In the field of materials science, the most cutyensed DSC is the heat-flux DSCs which
record the temperature difference between the sampi reference. The next section gives
some basics on the DSC instrumentation and expetane
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1.2.2. Differential Scanning Calorimetry *

Differential Scanning Calorimetry (DSC) allows measg thermal properties of
materials such as heat capacity at a constantyseesnthalpies and temperatures of thermal
transitions. In the field of materials science, thest commonly used DSC is the heat-flux
DSCs which record the temperature difference baitwbe sample and reference. In this
study, one of the used calorimeters is a heat-laborimeter DSC 822E (Mettler-Toledo)
shown on figure 1.

The essential of this technique lies in the measarg of the heat flux absorbed or

released by the sample during

i

L Y

execution of a thermal program

defined by the user (heating and 1. Furnace fid

2. Crucibles on the DSC sensor
3. Silver furnace

4. PT100 of furnace

5. Flat heater between two
insulating disks

cooling ramps, or isothermal

segments). In a heat flux

calorimeter, the difference

6. Thermal resistance for cooler

between the sample and

reference temperatures is| & 7. Cooling flange

8. Compression spring
construction

9. Cooling flange PT100

10. DSC raw signal for amplifier

measured with the help of a

thermal sensor array. The

—12 11. Dry gas inlet
sample and reference are placed II I' 12. Purge gas inlet

together in the measuring cell

enclosed in a single furnace. Figure 1. Schematic drawing of a Mettler-Toledo DSC
_ _ measuring cefl The thermal sensor array contains 56 (28+28)
The reference is typically thermocouples. The absolute temperature probesO®T1

chosen to be an inert materigl. measure the temperature of the furnace and coftdinge.

which does not exhibit thermal transitions in thedged temperature range. In some cases, it
can be an empty pan. Both sample and referengeared on a thermal sensor disk having a
good thermal conductivity. The thermal sensor arcagtains 56 (28+28) thermocouples
connected in series. The heat exchange betweehrtiece and the sample is mainly due to
the thermal sensor.

When a thermal transition occurs in the sample, dssociated heat release or
absorption induces a change in the resulting Heat between the samplabf) and the
furnace. The heat exchange between the furnacéhansample is mainly due to conduction

across the thermal sensor. In the approximaticsn@dll heat fluxes, the measured sighal

4
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is proportional to the difference of the heat flsixe; and @i from the furnace to the
reference and from the furnace to the sample, ctispé (cf. equation 1).

AP=0® -, =-KAT (1)
The proportionality factor in equation (1) is denémed during the system calibration. The
preliminary calibration of the instrument was cadriout using melting enthalpies and

temperatures of indium and zinc.

1.2.3. Thermodynamic considerations

The enthalpy variation (dH) expresses the quanfityeat released or absorbed during

transformation of a system at constant pressure:
H=U+ PV
dH =dU + PdV +V.dP
dH =dU + PdV(2)

As the pressure is constant, V.dP = 0.

The first law of thermodynamics says that the stdta system can be changed by
allowing the system to do the mechanical work cgxochange heat with its surroundings. The
work W (= -P.dV at constant pressure) and heat €tlae two possible forms of energy
transfer, they determine the energy change dUe$yistern

du =Q+W
du|, =Q-PdV(3)
By replacing dU in equation (2) by its expressi8) (ve obtain:
X, =dH

The heat capacity is defined as the temperaturease of a unit mass of substance as

a result of supply of a unit of heat. At constarggsure, the heat capacity,(@ written as

the partial derivative of enthalpy over temperature
dH|, =C,.dT
The power given to the system corresponds to:
dH dT

P=—""| =C,.—
dt |, dt

This expression shows that the sensitivity of @amaleter increases with the heating rate.

5
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1.2.4. Characteristics of DSC

The efficiency of a DSC is described by five chéeastics.

Thezero-line repeatability describes the DSC behaviour without the sample.

The noise of the DSC is due to the heating rate, the tentperathe atmosphere and the
electronics. In order to detect the smallest hiat-fate for a given sample, it is crucial to
have the highest signal-to-noise ratio.

The system linearity characterizes the functional relation betweennteasured signab,
and the true reaction heat fldx determined through calibration. Usually the rabigd, is
represented as a function of the mass or the teyer

The time constant T is defined as the time interval necessary to re8®8296 of the
temperature change after an abrupt thermal event.

Usually the measurements by DSC are performed hdtting rates in the range of 1
to 40°C/min. It typically corresponds to a good gwamise between the precision, resolution,
sensitivity and measurement rate. In 2004, Mefitdedo has built a new device — DSC822E
— which allows to perform measurements with a maxinheating rate of 400 °C/minThe
use of high heating rates presents several adwemtdgpr example, one can increase the
signal intensity for small samples and for sampigsch exhibit low-enthalpy transitions.
Also, in some instances the kinetically-controllézlich as cold crystallisation) can be
suppressed. Experiments with high heating rateg Isawme disadvantages: the temperature
resolution is reduced, and it could be more diffitol separate peaks. High heating rates need
higher final temperature because of the peak broagewhich may be problematic since the
sample can be decomposed at these high tempetdtutks following part, we present a new
technique of thermal analysis: the nanocalorimetinjch allows achieving high heating rates

(up to 16 °C/s) on small samples of a few nanograms.

1.3. Nanocalorimetry

In this section, we describe the design of a caaletiic sensor used in the
measurements, some applications of Nanocalorinagidyoperation modes of our home-built

nanocalorimeter.
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1.3.1. Introduction

The nanocalorimeter allows analyzing small amouwftamaterials (nanograms or
picograms) such as thin films with thickness vagyirom a few nanometers to some microns.
The heating and cooling rates employed are mudchehithan in the classical DSC: they are
comprised between iGand 16 °C/s 919! As a result, the measurements performed by
nanocalorimetry are really fast (i.e., on the ordéra few milliseconds). Besides, the
nanocalorimeter built in our lab can also perfonxpeximents with the same heating rates as
in the classical DSC.

1.3.2. Calorimetric sensor
The calorimetric sensor is built of a thin silicoitride membrane (900 x 900 xuin,

figure 2b) where the heating elements (in red aladge on figure 2c¢) and thermocouples (in
violet on figure 2c) are assembled.

Figure 2. Calorimetric chip sensor from Xensor company (geidew) and zoom on the
suspended membrane and the active area.

The nanocalorimeter can perform experiments inABemode at classical heating rates like
for the case of MDSC and experiments in the DC maidast heating rates: 1t 1¢ °C/&
1112 The temperature modulation frequencies can beigisas 3.0-10.0 kHz. The heating
rates can be reached thanks to the small membrahsaaple sizes. Two internal heaters (in
red on figure 2c) heat the sample during modulagigperiments whereas two external heaters
(in orange on figure 2c) are used during fast D@eexnents. The six thermocouples (in
violet on figure 2c) are connected in series ineoitd increase thermopile sensitivity to ca. 2
mV/K at 273 K.
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The part of the sensor located between the therapdes constitutes the active area or

measurement area of the sensor.

The thermopile measures the
temperature difference between itg®
cold junction and its hot junction.
As shown on figure 3, the hot
junction is placed on the active
area whereas the cold junction ig
on the edge of the sensor housing
The dimensions of the active areg
vary from 14 x 14 pm? to 130 x
130 pma.

The roughness of the

[ Cold point of the thermopile
= Hot point of the thermopile

Figure 3.Hot and cold points of the thermopile.
membrane surface was measured

by AFM (figure 4).

40°

pd
~

N
7

1um 1um

Figure 4. Tapping mode AFM, topographic and phase imagdiseo§ensor membrane (cf. the previous
figure).

The average roughness (Ra) is 4 nm, Rq is equ&l9 nm and the maximal roughness is
35,6 nm.
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1.3.3. State of art in Nanocalorimetry

In this section, we will describe different nanacaheter devices and different types
of nanocalorimeter sensors. Afterwards, we will u®con some applications of
nanocalorimetry.

- The nanocalorimeter devicesthe nanocalorimetry was introduced by L.H. Allen et
al. in 1993. The authors built this technique feermal analysis of thin films and termed it
electrical thermal annealifd.A MEMS sensor was developed as a calorimetric fol
differential scanning nanocalorimetéThe schematics MEMS sensor is shown on figure 5.

The sensor is an amorphous silicon nitride (piiNembrane of 50 nm thick supported by a Si

frame. A strip of platinum is

| W |
Y N Th, 1

used as a resistive heater an %L\Q\\\ . ‘“m
RS AT SIS ,f/%
U

resistive thermometer. This Pt |7 CUNNGRIIN
strip is 50 nm thick and 500

um wide. The platinum is| [7] G ESiNx metal

used because of the superig

(a) (b)

stability of its electrical
i Figure 5. Schematics of a calorimetric chip sensor. View from
resistance. Two voltage senses gy is shown in (a) and cross section in (b). Miztad area
are made on the membrane irEXtends onto the Si frame in order that electccainections can
be made
order to measure the voltage

across the working part of heater. Four contacsmahnected with the strip and the senses
are used for electrical measurements on the sefisercalorimetric cell is the region between
the Pt strip and the SiNmembrane directly beneath it. A non-conductive @antan be
deposited on either the platinum or the silicomisht surface whereas a conductive sample is
placed on the silicon nitride side in order to mbiange the electrical properties of the
heater/thermometer strip. A short pulse (1.5 — Hj af electric current (20 — 100 mA) is
applied to the Pt strip, the temperature of theraaletric sensor and of the sample increase
by Joule heating. The calorimeter sensitivity isJIK *°.

Some nanocalorimeters can work in a frequency raogering two decades (0.06 to
15 Hz) and with high resolution. The sensors all@my low noise measurement (limited by
Johnson noise in thermometer). The resolution enhiat capacity is + 5.P@/K which is
less than the nanocalorimeter described beforedehie allows the detection of a variation

of + 100 nJ/K, which represents an energy variationz 25 nJ for an amplitude of
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temperature oscillation of 0.25%€.A cell measurement of %L is employed to study
biological sample$’

Another kind of nanocalorimeter was built, whichais advanced construction of a
two-channel AC calorimeter for simultaneous measergs of frequency-dependent complex
heat capacity @) and complex thermal conductivitfw). This technique was illustrated by
the measurements of complex effusivity, diffusiytigat capacity and thermal conductivity of
glycerol in the glass transition region. The douthl@nnel ac calorimetry can be used for
relaxation processes related to relaxing thermatigotivity or relaxing heat capacity.

One of the first calorimetric sensors commercialibg Xensor (TCG 3880) was used
to perform fast heating and fast cooling in normabdtic conditions and in ambient gas
atmosphere. The device reaches a maximum cooliteyat1G °C/s. This rate can be
increased by decreasing the cell-sample dimensfush nanocalorimeter had a sensitivity of
1 nJ/K and a time resolution of 5 MsThe conditions to obtain a maximum cooling rate of
10° °C/s were optimized by using nanogram samplesodiner commercially sensors which
have an active area in the range of 10 — @0 The maximum cooling rate can be calculated
with the following equation:

o (Tmax B Tt )G

(Cs+C,)

‘ﬂ
dt

max

where Thax IS the maximum sample temperature, G is the hedtamge parameter,s@s the
sample heat capacity andy @G the addenda heat capacity. For a disk-like samjith a
thickness g a radius ¢, a densitypp and a specific heat capacity, the maximum cooling
rate is
_ AT ~T A,
r,ds 0 Cs

This equation shows that the cooling rate is inslgrproportional to the radius of the active

max

area of the sensét.It is noteworthy that Nanocalorimetry is also u$edstudies at very low
temperatures (from -273.10°C to 126.85°C) in phy/sicsolid®*

At the moment, the maximum heating and coolingsragéach by a nanocalorimeter is
10° K/s with a sensitivity of 1 nJ/K.
In the next section, we are going to review som@iegtions of nanocalorimetry in several

fields such as studies of single particles, nantabes, polymers and thin-films.
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- Applications of nanocalorimetry

The research with nanocalorimetry implies a mutlinary character because it
covers a lot of different materials. Importantijetfast cooling rates allow to prepare
materials in nonequilibrium states. The amorphoteesin metals, semiconductors or
polymers can be thus reached with fast coolingsrapeto 0.1 MK/s.

Single particles and nanoparticles

The cooling rate dependence of undercooling wadiediufor SnAgCu particles by fast
scanning chip calorimetry. Particle size and caplirates are crucial factors for the
solidification. By using DSC, one need several mwgi¢h represent a lot of particles) to be
studied at once so the particle size distributias to be taken in account. In this way, it is not
easy to distinguish the influence of the coolingerand particle size on the solidification
process. By using chip calorimeter, it is possibleddress solidification of a single micro-
particles. The authofsobserved that after several heating and coolirdesythe particles
keep their spherical shape and do not wet the surfaf the measurement area. The
nanocalorimetry thus offers the possibility to stuble size dependence of undercooling of
single micro-particle$?

The size-dependent melting of Bi nanoparticles waso investigated by
nanocalorimetry. As the fast calorimetric experitseare performed in situ with the Bi
deposition, it is possible to perform calorimetnyridg the film growth. The melting point
depression of nanoparticles was explained by Paimld®09. This phenomenon is caused by
the influence of the surface energy. At the nanlesthe surface-to-volume ratio is very high
whereas in bulk material, surfaces and interfacasally have only a slight effect on the
material properties.

The melting temperature of small particles is giasrfollows:

AT :Tnt:um —Tm(r) :( 2Tr:UIk j(ﬂj :é

HM oo Nr ) r
where T is the melting temperature of the bulk, r i )the size-dependent melting

temperature H *is the fusion heat of the bully, is the solid phase density, r the particle

radius, A is a constant,depends on the melting model.

The nanocalorimetric experiments show that theigdast smaller than 7 nm melt 50 K above
the predicted temperature given by the equatiors difference is attributed to superheating
due to suppression of surface meltiffg.

11
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The melting of nanostructures (indium clusters @iNy surface) was investigated by
nanocalorimetry during the early stages of thimfgrowth. The nanostructures have a size in
the range of 1000 to 10 000 atoms. Some discotigsun the heat of melting below 100°C
were found and related to the number of atoms (cnaginber) which are necessary to form a
complete shell at the particle surfaée.

In polymer science:nanocalorimetry is an interesting technique allayio vary in a wide
range the rates of solidification/melting. Thusg thigh cooling rates and supercoolings on
polyethylenes during processing allow to reach éigiroductivity. Heating and cooling rates
at 3000 K/s were applied to polyethylenes. Duriasgt fcrystallization, some crystal defects
remain whereas during moderate supercooling, mamemules have time for rearrangement
so the material has fewer defetts.

In referenc&®, nanocalorimetry was used to study the crystaibmakinetics of
isotactic polypropylene and melting of its mesoghaBhe high cooling rate (1000 K/s)
reached with the nanocalorimeter allows to prevawgstallization during cooling so the
crystallization kinetics of i-PP can be addresseden quiescent conditions. The isothermal
experiments were performed after fast cooling €gehwithin the temperature in the range -
15 to 90°C, they observed a local exothermal oaihg. After crystallization from the melt,
the i-PP presents three crystalline polymorphsionoclinic,-hexagonal ang-triclinic.

The mesomorphic phase in i-PP presents some nogthiel have a size in the range
of 5 to 20 nm. At ambient temperature, the pergmt#d mesophase is of the order of 25 — 50
%. They observed that during fast heating (1000'Ktke mesophase is transformed into a
supercooled liquid at temperatures lower about &7-K, so the mesophase of i-PP is a
metastable partially ordered phase. Besides areaser of the heating rate increases the
temperature of the mesomorphic — liquid phase itians”’

As far as polymer crystals are concerned, the redoometry was used to study the

melting of isolated polyethylene single crystalsgented on figure 6.

12
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. Distance Along Dotted Line [ jum |
25, it represents 0.1% of
the surface coverage of
the sensor. The melting
temperature  of the
isolated single crystals §
of PE was 123 + 2 °C |

which is 9 °C lower

. Figure 6. (a) AFM micrograph of a typical polymer single st3l. (b)
than the melting The section profile of the crystal. The profile @mponds to the dotted
temperature of bulk PE. line in A. (c) A diffraction pattern of a similarystal obtained by TEM.

The isolation of crystals allows to limit interamtis between crystals, to measure crystal
thickness with AFM, to take diffraction pattern imdlividual crystals by TEM.

In studies of thin-filmsnanocalorimetry holds promise to study the finiige ffects on the
glass transition.

The study of ultra-thin polystyrene films with thigess in the range of 4 nm to 60 nm
has showed that a reduction in heat capacyyféc small film thickness supports the idea of
a layer-like mobility profile consisting of both a@perative bulk dynamics and non-
cooperative surface mobilify. The measurements of superheating phenomenon éarlin
polymers performed by nanocalorimetry have showat there is a power law relation
between the superheating and the heating rateeiratige 18 to 10 K/s. Generally, melting
is accompanied by recrystallization at low heatiatg that is why ultrafast heating rates are
required for such experiments.

Usually glass transition in polymers is studieddfyC, the samples are bulk and have
a weight of several milligrams. It is not possitdestudy the behaviour of thin polymer films
by DSC. The glass transition of ultrathin polymer films g¢ethan 1 — 400 nm) was
investigated by nanocalorimetfy The solutions of polystyrene, poly(2-vinyl pynei and
poly(methyl methacrylate) were spin-coated on tlainum surface of the nanocalorimetric
sensor. Different film thicknesses were obtained/éaying the concentration of solution and

the speed of rotation. The thin polymer films weaesated at very fast heating rates in the
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range of 20 to 200 °C/ms, which allow to perfornpesxments in nearly adiabatic conditions.
The film thickness is determined according to te&thcapacity (g) of the film at room
temperature and the specific heat capacity of tilk. @he glass transition was observed in
films which have a thickness of 1 to 3 nm and etvecker films but there is no dependence
of the glass transition temperature on the thicknAs the films are heated very fast, there is
no size dependence of the glass transition temperabn the millisecond timescale.
Experiments show a broadening of the glass tramsénd a loss of transition contrast effects
with the decreasing of film thickne$§43?

The measurement of heat capacity and enthalpyrofation of nickel silicide using
nanocalorimetry was useful to study the interfacedctions in thin films. The technique
allowed to measure quantitatively the heat capaaitgf enthalpy of solid state reactions.
Nickel forms several phases with silicon. The natmimetric measurements of heat
capacity and enthalpy of Ni-Si thin film interfakigactions show several phase reactions
during the first heating cycle and that sample®weB00°C have predominantly NiSi phase
whereas samples above 850°C forridti,Si. *®

The use of nanocalorimetry for investigations of 3AMs has the advantage to
determine the intrinsic melting properties of SAMS individual separated nanoparticles
without the effect of cluster-cluster melting (&gsi the case for 3D SAMSs in conventional
DSC).*

On figure 7, one observes ) _ ]
that  the  transition e 4i SRR | j i
temperature for 2D SAMs Eq] ;" : ks
is higher and broader than S 21 = 20C16 SAMa —{10
for 3D SAMs. The heat of ; | | ; | . _Z
fusion for 2D and 3D gl B O . .

T(°0)

SAMs is comparable
(HmZD = 20 = 4 kJ/mol
and Hq3p = 16 + 5 kJ/mol) and lower than the bulk valuggkk = 53 kJ/mol).

In conclusion, we have seen through these exampliesapplications that

Figure 7. Comparison of the Cp value for 2D and 3D SAMs.

nanocalorimetry is complementary to DSC. It canresdlsl individual micro-particles, thin-
films and single polymer crystals. Moreover, thghiheating and cooling rates allow to
generate the metastable states of materials.
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1.3.4. Working modes of the Nanocalorimeter

The Nanocalorimeter can work in two modes: the mwile temperature modulation
(AC) and the pulse mode (DC).

1. Temperature modulation: AC mode

In the AC mode, the sample is subject to a supérposof a linear temperature
program and to a periodical temperature prograne. @dwer delivered to the sample has the

form P=p, + p.sin(wt), the sample temperature oscillates around the rresaperature J

% The theory of the modulated calorimetry was dewetl by Corbino in 1910. At that time,
he considered a wire heated by an alternating curBauring a short time intervdit, the heat
brought to the system is used to heat the sampulet@meat the environment. This can be
expressed by equation (4):

(p, + psin(at))at = meAT +Q(T).At (4)
Where m, ¢, T are the mass, heat capacity and sat@amlperature, respectively. Q(T) is the
power of the heat losses, the angular frequency of modulation € 2xf), and AT is the

temperature variation during the time interl If we consider § + © (with © << Tp) and

Q(T) = Q(Tp) + QO (whereQ = % is the heat exchange parameter), we obtain :

p, + p.sin(at) = mc(%j +Q(T,)+Qe (5)
If pois used to heat the environment thenAiic= O.
The conditions of equation (5) are: QEm and ©=0,sin(at-D)
By substituting it in equation (5), one finds:
O, = P and tang = 1%
J(mewp +Q? Q

where® is the amplitude of the temperature modulat@®nis the phase difference between
the temperature oscillations of the power dissgbate the sample and the temperature

oscillations applied to the sample.
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2. Pulse mode: DC mode

The possibility to perform fast heating experimeigsone of the main advantages of
Nanocalorimetry. A typical fast heating experiméaites only a few milliseconds. For such
an experiment, a voltage ramp is applied to thereal heater. Experiments at extremely fast
heating rates could enable us to detect and diffte energetic materials based on their

thermal behaviour (melting, evaporation, sublima@md other transitions).

1.4. Enerqgetic material®® *’

The following part of this chapter provides someraductory information on
energetic materials and basic definitions such les éxplosive power and strength,
deflagration, detonation and combustion, oxygerariz@ and activation energy of thermal

decomposition.

1.4.1. Introduction

Energetic materials store a significant amount redrgy that can be released during
their highly exothermic decomposition induced byperature, impact or friction. The release
of energy is obtained by mechanisms of intramokecakydoreduction. An explosion results

from a sudden release of energy.

1.4.2. Classification of energetic materials

Energetic materials are classified according tar éygplications, as shown on figure 8.
In this case, the same explosive molecule can enténe formulation of propergols and
explosives. The munition powders provide an immuidio the projectile, propergols provide
the pushing force to a missile. The decompositibprimary explosives such as TATP, lead
azoture can be easily initiated and lead to detomavhereas secondary explosives such as
TNT, RDX are less susceptible to be initiated. Carsial explosives are used in mining
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operations and for demolition of buildings. One csae through their applications that

energetic materials are employed to produce a vaiher than heat.

—— munitions powders
powders —
—— propergols
—— primary
explosives — ——commercial
—— secondary ——
—military

Figure 8. Classification of energetic materials.

1.4.3. Explosive power — Explosive strength

The explosive power refers to the ability of th@lesive to do the work, it is also used
to compare different energetic materials. The esipo power corresponds to the energy
produced by the adiabatic decomposition of the riztéQ) with the volume of combustion
gaz (\y) measured at ambient pressure and at 15°C. THesexp powet® can be expressed
as:

Explosivelwer = QxV
The explosive power is reported to the one of piadid (figure 9), which is one of the most
stable secondary explosives. The power index is:

QxV
xV

Q
(picric acidj [picric acidj

Where Qpicric acid): 3250 kJ/kg, %icric acid): 0831 drﬁg

Power index=

The explosive strength of energetic material is the OH
magnitude of the explosion relative to that frore game 2l NO2
guantity of reference (TNT). The explosive strength

TNT is 2,72.16 J/kg. Experimentally, the explosive NG,

strength is determined with the Trauzl block tesghich
o . Figure 9. Structure of picric acid.
consists in the measurement of the expansion cadsad

explosion contained within a block of lead or alomm.
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1.4.4. Combustion, deflagration, detonation

Explosives release their energy quickly (in a fewcroseconds) during their
decomposition. Combustion, deflagration and detonadliffer by the speed of their flame
front. The flame front is a thin zone where thetBgamic reaction takes place. It separates
the area which contains the combustible from thea awhich contains the combustion
products. For the combustion, the speed of thedlfnont is in the range of m/s to cm/s, and
the combustion burns the material progressively 3jpeed of the flame front is lower than
the sound speed (about a few decimetres to hundneters per second) for the deflagration
and higher than the sound speed (about kilometyesdezond) for detonation. For the
deflagration, the part of the explosive upstreamtha flame front is sensitized. For the
detonation, the shockwave crosses the explosiveitgndpeed is auto-supported by the
chemical reactions that it produces. The detonapimcess acts through shock pressure
forces. The resulting impact on neighbouring matsriis the basis for the detonation
mechanism. Detonation is relatively independentimibient conditions but is sensitive to
density of the explosive. There is no propagatibdeatonation below a critical diameter or a
critical thickness of the energetic material. Thaameter depends on the confinement and
the density of explosiv&:*® The deflagration process transfers its energyhieynal means
through a temperature difference, this processrd¥gpen external conditions such as ambient
pressure.

The initiation of decomposition reaction after tpassage of the shock wave is
explained by the increasing temperature when thekstvave propagates across the energetic
material through hot spots. Hot spots are smalimels in the material in which if the release
of chemical energy is greater than that dissipdigdheat losses, whereby the reaction
amplifies* These hot spots are created whether by frictitwésn two particles which have

a high melting point or by adiabatic compressiomaérstitial gaz*?

1.4.5. Activation energy of thermal decomposition of expiees

The decomposition of energetic materials is assetiaith the activation energies of
the reaction process. For some energetic matetia¢s,decomposition is initiated by the
break-up of fragile bonds (explosophore bonds)s #tep determines the decomposition

kinetics.
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Explosophore bonds are often X — Nabnds like in TNT (figure CH;
10). The activation energy of decomposition depeadsthe e NO,
molecular structure, the environment of the molecir the

condensed phase and the addition of some compaeumds can

NO,

initiate the decomposition.
Figure 10. Structure of
trinitrotoluene.

1.4.6. Oxygen balance

An energetic material is also characterized byokggen balance(f). The oxygen
balance is equal to the difference between thegtiom of oxygen in the material and the
proportion of oxygen which could allow complete aedion of the compound. For a
compound GHpN:Oy, the oxygen balance is the following:

Q =(16/M)x[d - (2a) - (b/2)]
The explosion products are formed either in dieegilosion reaction or in reaction with the
surrounding atmosphere. The products from chemiegblosives include the usual
combustion products (GOCO, HO, N;) as well as molecular hydrogen JjHmolecular
oxygen (Q), nitric oxide (NO), hydroxyl (OH), monoatomic hydyen (H), monoatomic
oxygen (O), monoatomic nitrogen (N) and small ansuwf ionized gases and associated

electrons’®

1.5. Actual explosives traces detection devices

1.5.1. Traces of explosives

Explosive traces can consist of particles that renfiar example on a person who
handled explosives or when he/she has been ne#wsesgs or when he/she has hidden
explosives on him/herself. The main difficulty tetelct explosives is due to their low vapour
pressure at ambient temperature and pressure foe s5 them. The vapour pressure of

common explosives is presented on figure 11.
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Figure 11 Concentration of explosives in air at 25“C.

The low concentration of explosives in air resuttglifficulties for the vapour phase detection
without concentrating the explosives.

1.5.2. The three steps required for explosive detectionides

The explosive detection is typically constitutedtlmfee steps: sample collection, pre-
concentration and detection. The relationship bebwmbese three steps can be described by

equation (6):

Q,

S=My7,7.C,..C,| =% |k (6
2k

n
where S is the signal output from the detectay,idMhe initial mass of explosive residue on a
person,y, is the fraction of explosive that is removed frtime person by sample collection
system,nc is the fraction of explosive removed that is aolel in the pre-concentration
system, @ is the concentration gain of the first pre-concaimin stage, € is the
concentration gain of the nth pre-concentratiogestay is the inlet (sampling) flow rate of
the detector, Qis the output flow rate from the final pre-congatibn stage, k is the
proportionality term relating signal strength tocentration at the detectt.

The first step of the explosive detection is theygi@ collection: the explosives are
removed from the person either by mechanical methiedbbing, wiping, agitation), by

ionization (explosive particles are statically remp by airflow or by heat (the temperature
20
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elevation enhances the explosive vapour productidifjen the explosive traces are
transported to a pre-concentration system by airflo

The second step, which is the pre-concentratiaweselo increase the concentration
of explosives in order to reach the limit of deimctof the detector. We observe on figure 11
that the concentration of common explosives ifsain the range of 1 in £@o 1 in 18° The
pre-concentrator adsorbs explosives, then the qmeemtrator is heated to allow the
explosives desorption from its surface into a semalblume than the volume of the sample
collection airflow.

The third step is the detection itself: the sangléves from the pre-concentrator and

is analyzed on the detector.

1.5.3. Sensors used for explosives detection

The principle of a sensor relies on a sensitiveenmtwhich presents variation of one
or more physical properties (fluorescence, congiigfimass modification, shift frequency,
optical properties...) in contact with the substaotmterest.

The gas sensors of energetic materials can beedivid three groups. There are
resistive sensors (based on conductivity variabbrthe sensitive material), acoustic and
gravimetric sensors (the mass variation is linkat@ariation in the oscillation frequency),
optical sensors (variation of optical propertiestsas colour, fluorescenc®)The explosives

detection methods are classified on figure 12 atingrto the properties used by the sensor.
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Figure 12 Explosives detection methods.

The trace detector based on electronic / chemes&a@s are often coupled to a GC in
order to separate explosives from potential interfes and to increase the selectivity of the
device. Among the different instrumental techniquesss spectrometry methods have the
best selectivity and sensitivity. Their analysiedican be about 5s by reducing or eliminating
the sample preparation time. Pan et al. reachaahitadf detection of 0.78 pg for HMX in
solution?® The limit of detection for TNT, RDX and PETN aréoat 1, 5 and 20 pg
respectively?’ The disadvantages of mass spectrometry (MS) gte ¢ost and complexity.
lon mobility spectrometry (IMS) is similar to maspectrometry except that the ions are
dispersed by gas-phase viscosity and not by maeewight. Comparatively to MS, IMS is
smaller and cheaper (because there is no vacuunsybut its accuracy is less than MS.
The analysis by lon Mobility Spectrometry takes ith mnd the detection limit for TATP is
187 ug/mL.*® The common explosive compounds produce negatins. iSurface acoustic
wave detectors are based on shifts in the resdrequency of a piezoelectric crystal based
on mass and properties of materials condensed emrifstal. Optical spectroscopy can be
used for explosive identification but the sensiyivis not very high comparatively to MS.
Biosensors such as dogs are probably the best sx@do detectors to date. They can

recognize up to 19000 smells associated with exmesuch as nitrate compounds, chlorates,
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peroxides and acids. However, their performancelimsinished by boredom, distraction,
unfamiliar signals, and tiredness. In comparisoningtrumental methods, dogs have the
advantages to detect faster explosives and to ¢ffzetsource where they find the explosives.

Table 1 compares instrumental detection deviceslagd.

Aspect

Instrument

Canine

Dty cvele

Calibration
standards
LD. of explosive

Operator/ handler
influence
Environmental
conditions
Instrument
lifetime
State of scientific
knowledge
Courtroom
acceptance
Selectivity (vs.
interferents)
Owerall speed of
detection
Mobility
Integrated

sam illl! system
ling syst

Scent to source
Intrusiveness
Initial cost
Annual cost
{excluding
personnel)
Sensitivity

Target chemical(s)

Toxicological
considerations
Downtime
Instrument
components
Initial calibration

Operator training
Certifications
Re-calibrations
Scientific
foundations
Potential affects
on performance

24 h day~! (theoretical)

Can be run simultaneously (Le. chromatography
based)

Presumptive LD. possible (limited by selectivity
factors)

Less of a factor

Less affected
Generally ca. 10 years
Relatively mature
Generally unchallenged
Sometimes problematic
Generally slower

Limited at present
Problematic/ inefficient

Difficult with present technology

Variable (apprehensiveness not uncommon)
ca. $45 000

ca. 54000 (service contract)

Very good/well known

Parent explosive(s)/well studied

Minimal (operator may be affected at excessive
levels)

Varies with instrument, operator and manufacturer
Varies with manufacturer (variable sampling,
separation. detection. LD, technology)

Generally performed by manufacturer (specifications
vary by manufacturers)

Typically a 40 h course

Varies, annually to biannually

Daily to weekly

Electronics, computer science, analytical chemistry

Electronics/mechanical

Ca. 8 h day—' (20 min on/40 min break dependent
on conditions)
Run individually

Not trained to LD. with different alerts

A potential factor

May adversely affect (i.e. high temperatures)
Generally 6-8 years

Late emerging

Sometimes challenged

Very good

Generally faster

Very versatile
Highly efficient

MNatural and quick

Often innocuous (breed dependent)
ca. $6000

ca. 2000 (vet and food bill)

Very good|/few studies
Odorant signatures/mostly unknown
Minimal (team may be affected at excessive levels)

Varies with breed, handler and medical condition
Varies with agency (variable breed, training, alert
and reward systems)

Generally performed by supplier (specifications vary
by supplier with minimum 6 weeks training)
Typically 40 h course minimum

Annually to biannually

Daily to weekly

MNeurophysiology, behavioral psychology, analytical
chemistry

Disease conditions

Table 1. Comparison between instrumental explosives detedévices and detector dds.

Some insects such as bees are also trained td dgpaosives. In order to train these insects,
researchers feed them with a mixture of sugar, maated the explosive molecul&sSo, when
the bees detect explosives, they fly over the siusgearea to indicate the presence of

explosives.
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1.5.4. Detection device based on amplifying fluorescentypoers

A detection device which has a level of detectiomparable to that of dog has been
developed by the Nomadics Inc. company. It is aesysof real-time detection based on
fluorescent polymer® The amplifying fluorescent polymers (AFP) werednted by T.M.
Swager from MIT?! Instead of pre-concentrating explosives, this régoent polymers
amplify a few femtograms of explosives (~ ppq) cieate a detectable signal. AFP are
chromophores linked together in polymer chains Wiiigoresce when they are stimulated by
light of the correct wavelength. Explosives bindittgthe AFP will reduce (quench) the
brightness of the fluorescence. As the chromopharedinked in series, the quenching effect

is amplified (see figure 13), that is why a few tegrams of explosives can be detected.
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Figure 13 AFP for explosive detection.

The analysis time in this case is short: a filnpoflymer in figure is quenched by 50% within
30s of exposure to TNT and by 75% within 60s.
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Figure 14. Monomer of poly(phenylene ethynylene) on the lefhhematic representation of porous

polymer films allowing TNT detection and band dagrdepicting quenching resulting from electron
transfer from PPE to TNT (on the right).
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As shown on figure 14, the rigidity and the thresehsional structure of the polymer
forms cavities in the sensor films in which smalbletules of TNT are diffused. The
selectivity of this device is based on three péf#rst, the steric constraints allow only small
molecules to fit in the cavities of the porous fil8econdly, the electron-rich polymer binds
reversibly to electron-deficient explosives through electrostatic-type interaction. To
enhance binding of target compounds, receptor sitdsare electrostatic mirror images of the
target molecule have been specifically synthesinéa the polymer backbone. Thirdly, the
free energy changeAG® must be negative for the process of the electransfer to the
bound molecule. Thus the magnitude of fluorescepuenching (FQ) can be approximated as:

(FQ) ~ C.[exp(AG%)?.K,,
where K is the binding constant and C is the concentratibthe quencher in the sample.
This equation shows that compounds which are wdadiynd to the polymer films and those
without favourable reduction potentials are noteatd quench the polymer, except in very
high concentrations.
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Nowadays, Fido device seems to be the most semsttiplosive detector and it can be
incorporated onto a robot as shown on figure 18hed-ido-robot is able to locate explosive

devices and to disarm them.

1.6. Detection of energetic materials by calorimetry

There has been an important interest and develdpaiesystems for explosive trace
detection in the past yeats.These instruments use mass spectronfetriRaman
spectroscopy' > ion mobility spectroscop¥, gaz sensors constituted in organic matefials
porous substrat&s This section is focused on systems using caldrimprinciples to detect
explosive traces which are microcantilever sensad aminiature calorimeter. The

functionalisation of the cantilevers is also meméd.

1.6.1. Microcantilever sensor: lab on a tip

Microcantilever sensors have a sensitivity of a felwograms. They have several
advantages such as a surface area of the ordé“afm? and a high surface-to-volume ratio
(the order of 1%). The mass loading can be observed by bendingeotantilever and by a
shift in the resonant frequency, microcantileveas be produced in mass at a relatively low

cost.
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- Cantilever working.

In 2003, L.A. Pinnaduwage and T. Thundat develapeticrocantilever sensor which
can detect the deflagration of 70 pg of TNT. Thickr was published in NatufeThe
equipment included a piezoresistive heater on tlherocantilever surface. The mass of
explosive is measured by deflection of the cantitewith an optical beam-bounce
technique’®

A system based on microcantile¥fehas lead to development of another system using
suspended microfabricated bridd&<£? This is a combination of a resonating microcanéte
and of suspended microfabricated bridges whichiratke same plane. The microcantilever
allows measuring the mass of adsorbed explosiveghenbridges make it possible to heat in
order to address the thermal behaviour of the desbexplosives. The sample temperature is
given by resistances of the sensor bridges. ThigeBy can reach a heating rate of 10/s
and detect a limit mass of 600 pg. During the Imgatithe adsorbed molecules are
decomposed and desorbed as a function of temperaflre mass loss detected by the
microcantilever looks like a sigmoid function. Thaicrocantilever deflection allows

determining the mass of adsorbed molecules thanksula (7):

an= K i_i (7)
4mn\v,2 v,2

wherev; andv, are the resonance frequencies before and aftermas, K the spring

constantom the mass of adsorbed molecules, n correspontsetaoefficient between the
effective mass m* and the mass m of the cantiléwer = n.m)%® When microcantilevers
oscillate in fluids, there is a mass effect, whiotplains the usefulness of the effective mass
notiorP®. In air at ambient pressure, this effect is néglig

Nowadays, nanoelectrochemical devices (NEMS) caectia mass on the order of a
zeptograrf™. This kind of devices are very high frequency (WHREMS which have a
fundamental resonant frequency of 190 MHz and ditgfactor of 5000 in the temperature
range of the experiment. The experiments to detecih mass are performed in situ within a
cryogenically cooled, ultrahigh vacuum apparatus paessures below 18 Torr.
Nanocantilevers with very high mechanical resongneguency allow detecting less than 1

attogram (10%g).%°

The cantilevers integrated electronic displacentertsducers based on
piezoresistive thin metal films, permitting straiigihward and optimal device readout. Two

legs link the cantilever to the chip. These legveseas an electrical path for piezoresistive
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transduction and, upon cantilever deflection, asirstconcentrators. Nanocantilevers are

fabricated using electron-beam lithography, matai-fieposition and lift-off methods.

- Cantilever functionalisation

Studies on the functionalisation of microcantilevbave lead to selective detection of
energetic materials. Two papers were found onttpi.
In the first oné&’, the authors use self-assembled monolayers ofrdap®benzoic acid (4-
MBA also known as thiosalicylic acid). These suefaare believed to fix nitro-molecules of
explosives via hydrogen bondifiy. The thiol compounds have as general formula
CH3(CHy),SH. These molecules have a capacity to graft od goitfaces thanks to the head
SH. The silanes (CHICH,)nSiCk) are preferably grafted on silicon, silicon oxidé&minium
oxide surfaces. When the molecules are sufficieclthge to each other, the Van der Waals
interactions are strong enough to order molecutea dense layér. Scanning Tunneling
Microscopy studies of 4-MBA SAMs have shown thagsh surfaces have domains with a
periodic row structure and no hole defé@sSuch characteristics are convenient for the
detection of explosives. Before to deposit 4-MBAMAON the cantilevers, the cantilevers
are cleaned with the method described in literdtufighen, the cantilevers are immersed in a
6.10° M solution of 4-MBA in absolute ethanol for 2 dayghe PETN and RDX vapour
streams are generated by introducing ambient augh a reservoir containing PETN or
RDX. For the experiments, the vapour concentration®ETN and RDX are 1400 ppt and
290 ppt. The generator delivers 660 pg of PETNOns2and 96 pg of RDX in 25 s. The
bending signal of the cantilever and the shift fieacy for each explosive are presented on
figure 16.
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Figure 16.Response of a 4-MBA-coated silicon cantilever |lahaéh 660 pg of PETN (on the
left) and with 96 pg of RDX (on the right). The isbturves represent the bending signal, the dots
represents the resonant frequency.

The deflection of the cantilever and the shift treacy are due to the adsorption of energetic
materials on the 4-MBA SAMs. The graph on the righhel of figure 16 shows that the
bending signal is more sensitive to the RDX adsonpthan the shift of resonant frequency.
The adsorption of the explosives molecules on thBISare easily reversible; it is probably
due to hydrogen bonding between the nitrogroupth@fexplosives and the carboxyl groups
of 4-MBA.

The second paper is focused on zeolite-coatedleats’* Zeolites are silicon-based
solids with nanometric or subnanometric pores. €hesmpounds act like sieves because
molecules which are larger than the pore size ka#pide the zeolite. Furthermore, the
adsorption properties of the zeolite can be adjuste adjusting their Si/Al ratio or by
exchanging the cation presents in pores. As shawiigare 17, the addition of cobalt to the
BEA zeolite increases the sensitivity to nitrotalae

The zeolites used in this 600

work are MFI (silicalite and = E—
ZSM-5), zeolite A (LTA), ] = '
zeolite Y (FAU), Beta o |
(BEA) and  mordenite 00 | - ' '

S . ' o

(MOR) zeolites. Different

methods are tested to deposit

Af(Hz)

o-Nitrotoluene concentration [ppm)

] . Figure 17 Detection of o-nitrotoluene at room temperature on
layers of zeolites on silicon QCMs loaded with NH4-BEA and Co-BEA zeolites.

substrates: evaporation,
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micro-dropping of zeolite suspensions, covalentdimy of the zeolite crystals (by using
chemical linkers which connect the OH groups of #eelite to those on the surface of
different materials) and spin coating. Evaporateord microdropping lead to a coating of
several layers of zeolitic material, the coatingckhess is thicker and more uniform by
evaporation than by microdropping. Covalent bongingduces a zeolitic monolayer on the

substrate.

1.6.2. Miniature calorimeter for explosives detection amdentification

One calorimeter was built to study and t{ ., siicon substrate ()  Glass Substrate

Thermal control medule Sample encapsulatoin module
!E!_ M! | Loading
.erh ; : i | port
i L
SR ]
= Q
Y

RTD Module
Sample Reference
chamber chamber

detect energetic materials. Figure 18 presents

system of thermal control and a system ¢

compound encapsulatigﬁ.The calorimetric cell

consists of a thermal control module (cf. figur

Heater/RTD

Module

18a) and a sample encapsulation module (
figure 18b). As shown on figure 18, the thermé

control and the sample encapsulatio

I- ' 15 mm —I

components are separated, the assembly of th
two parts constitutes the calorimetric cell whose Figure 18 Schematic drawing of the
dimensions are 5 x 15 mm2. The resistive heaters celorimeter cel.

on the thermal control module allow to heat the gamThe temperature sensitivity of the
device is 0,2°C? This calorimeter allows analyzing solid and liqusdmples of a few
nanograms or nanoliters. It was tested with thepesation of 350 nL of acetone and with
energetic materials of a few nanograms. The heatitg used for these experiments is 1
°C/min like for classical DSC. A micrograph of thanocalorimetry prototype is given on

figure 19.
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i ® —

Figure 19 Nanocalorimetry prototype loaded with a samplarmfmonium iron
(1) sulphate dodecahydrate sealed using epoxy.

The volume of gas produced during the decomposiaaction can be 100 — 1000 times of
the original sample, so the pressure inside théysisacell increases. The cell can resist at
pressure until 800 psi i.e. 50 times the atmospl@essure. The nanocalorimetric cell can be
damaged during the decomposition or combustiorticraof energetic materials.

For now, this nanocalorimeter is the only one whigds developed specifically for
detection and identification of energetic compourndevertheless, we were not able to find
any calorimetric curve of energetic materials meagwvith this device even though it was
specifically made for explosives detection (to dumowledge, there is only curve with
evaporation of acetone). As mentioned in publicgfiosamples of ~ fig were successfully
characterised by this calorimeter.
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Z. Materials and methods

In the first part of the chapter, the enerqetic materials used in this
study are briefly specified. In the second part of the chapter, the main
experimental techniques emplovyed are introduced. These techniques are
complementary to nanocalorimetry And Are useq for understanding the
thermal behaviour of the explosives during nanocalorimetric

experiments and for sample preparation.
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2.1. Materials

This part describes several energetic materialstoth we have studied the thermal
behaviour by nanocalorimetry. The sample speciboatand most important characteristics

of the used materials will be given in the follogin

2.1.1. Nitrocellulose (NC)

Cellulose is the most abundant polymer on the plaftee wool is the natural source
of the purest cellulose contains 94% of celluldSenerally, the cellulose is associated with
other substances as lignin and hemicellufo3éis natural semi-crystallized polymer is a
polysaccharide (M~ 10° g.mol?) constituted of cellobiose units shown on figufédigure 2
gives an optical micrograph of a spin-cast nitrlutese film.

Hydrogen links between hydroxyl groups of the sanodecule or between the molecules lead
to organisation of

. . . OH CH,0H
polymeric chains in :
o
bundles of 3.5 mm | o4/, g\o OH 0
. 8]
diameter. They also
CH,0H OH n

result in insolubility of

cellulose in water (and in Figure 2. Optical micrograph of

Figure 1. Cellobiose unit. . :
a nitrocellulose film.

organic solvents).
Numerous studies have shown that elementary fiagtgegate in micro-fibrils of cellulose as
it is illustrated in figure 3.
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Figure 3. Morphology of a cellulose fibér.

different from those of

cellulose. The oldest

cellulosic derivate  was
discovered in 1846 by the

German chemist Christian

Friedrich Schonbein. It is an
organic ester of cellulose,
the nitrocellulose. Contrary to cellulose, the augllulose is soluble in a wide number of
organic solvents. The chemical structure of the onoer is shown on figure 4.

When all groups R are hydrogen atoms, the CH,OR
elementary motif corresponds to cellobiose. The H o
hydroxides of the cellobiose are replaced by nitro | o ER -
groups to form nitrocellulose. If the substitution &
degree (DS) is three, the nitrogen content reaches H OR

(R is NOy or H)

14.14%. Nevertheless in practice, the nitrogen
. Figure 4. Monomer of nitrocellulose.
proportion in nitrocellulose never exceeds 13 gfte

reaction of esterification is not complete), so theocellulose still contains some hydroxyl
groups. The different types of nitrocellulose aharacterized by their nitrogen content as

presented on figure 5.

The nitrocellulose | 107 113 11,8 12,3 13,8 Nitrogen %
] ] ] ] ] a

i I I I I I >
grade gives Grade A Grade AM Grade E Explosives Grade

information about _ _
Figure 5. Nitrocellulose grades.

solubility.  Thus,

nitrocelluloses A, AM and E are all soluble in estand ketones. The designation A means

that the nitrocellulose is soluble in alcohol ttloe designation AM means Alcohol Medium

soluble, E means soluble in esters. The nitroasiigrades containing more than 12.3% of

nitrogen are classified as explosives, wherea®ities having the nitrogen contents between

10.7% and 12.3% are used for lacquers and varnishes these applications, the
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nitrocellulose presents advantage of forming strang flexible films. The nitrocellulose
grades with more than 12.3% of nitrogen are typicatabilized by amines such as
diphenylamine. The amines act as nitrogen oxidesoréers thereby hinderintpe auto-
catalytic decomposition of nitrocellulose. The €iffint grades of nitrocellulose are obtained
by adjusting the ratio nitric acid / sulphuric a@d well as the water fraction in the acid
mixture. A mixture of nitric and sulphuric acids allows tgnghesize nitrocellulose with a
nitrogen content below 13,5%. The nitrocelluloseéhwnitrogen content above 13.5% is
obtained by replacing sulphuric acid with phospbi@gid or acetic anhydride.

A number of techniques have been developed fosyiéhesis of nitrocellulose, the
most known and the oldest among them being nitratfcactivated cellulose by a mixture of
nitric and sulphuric acids.From the chemical point of view, it is in fact naitration but
esterification, nevertheless the word nitrationcigrently used to specifically term the
cellulose esterification by nitric acid. The actiea of cellulose fibers is carried out by
heating them under pressure in a sodium hydroxade til the fibers are dry. The activated
cellulose is then dipped in a mixture of nitric asulphuric acid or phosphoric acids. The

hydroxyl groups are substituted by nitro groupse Téactions are outlined in figuré 6.

The nitronium ions come o o e
. / ! ’

from reaction between . 4 H =— H—.:lf—N* == H,0 + N

nitric acid and sulphuric O H O

acid. Afterwards they react Figure 6. Formation of nitronium ion.

with alcohol functions (see figure 7).
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Figure 7. Esterification of activated cellulose.

The dip time of activated cellulose should be sigfit to allow the nitration of cellulose by
nitric acid. After the nitration, the nitrocelluledibers are rinsed with water to remove the

acid traces. The adsorbed water on fibers is rethbyéheating them to 100°C.

- Decomposition of nitrocellulose.

The energy release during decomposition of nittalmede is due to the mechanism of
intra-molecular oxydo-reduction. This leads to fation of stable small molecules {NCO;,
CO, H,0).” In the regime of detonation of nitrocelluloses thetonation velocity is about 8,5
km.s'. The explosion takes place when a temperature86f-1 190°C is reached by the
systent The high energy released through the nitroceltulaecomposition is due to
combustive and combustible elements. The lattetypieally highly electronegative elements
such as oxygen. These elements can also be linkbdweak bonds as it is the case of
nitrogen dioxide. They can burn up combustible @ets such as the carbon skeleton of
nitrocellulose’ Therefore an increase of the nitrogen content x(l§@ups) enhances the
combustive ability of nitrocellulose, which explaiwhy this kind of nitrocellulose is ranked

as an explosive grade.

- Nitrocellulose characterization.

X-ray diffraction analysis of oriented nitrocellgl® fibers indicates that the molecule

crystallizes in a right-handed helical conformatt®ni.e. the chain makes two turns over the
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length of five monomers (cf. figures 8 and'®)The crystallographic data in table 1

correspond to a highly substituted nitrocellulosgbgtitution degree is 3).

It is noteworthy that the c-parameter Elementary cell

is not always chosen in the chain Lattice a (A) b (&) cA)Y
direction, which is a more recent Orthorhombid 12.25 25.4 90 |
crystallographic ~ convention  for  5inomombid 9.0 14.6 2514
polymers. This explains why there is [“monoclinic | 12.3 8.55 25,41°9

an apparent discrepancy between the Taple 1 Crystallographic data for nitrocelluloSe.

different unit cells. The molecular
model of the 5 conformation of nitrocellulose (the second linetable 1) and its lattice is

given in figure 8.

'-.#
i __,-"
N ’Cﬂ\ -.i" %}\ _—

Figure 8. Spiral conformation (§ of nitrocellulosée'
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Figure 9. Crystalline lattice of nitrocellulose (DS = 3, ®A, b = 14,6 A).

2.1.2. Hexogen (RDX)

Hexogen, also known as RDX, cyclonite, cyclotrinhetgtrnitramine, 1,3,5-trinitri-
1,3,5-triazacyclohexane and T4, was synthesizeth®first time in 1898 by Georg Friedrich
Henning for the medical use. It was recognized ms®xplosive in 1920. The detonation
velocity of RDX at the density of 1.76 g/cm?3 is 87®/s. This compound is as well used in
armament and demolition as in medictAdRDX is a white crystalline solid. The explosive
C4 contains around 91% RDX (percentage in weigi@4)f- The chemical structure of RDX
and a typical micrograph of RDX are presented garés 10 and 11.

Figure 11 RDX crystals used in the
Figure 10.Chemical structure of RDX. present study.

The chemical reaction between hexamine and nitiit t@ produce RDX reads as following :
CeH12N4 + 1I0HNG — C3HgNgOs (RDX) + 3CH,(ONOy), + NH4NO3 + 3H,O
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It is produced in a batch reactor. For example, @are mix 110 g of nitric acid and 10 g of
hexamine, i.e. the weight percentage of nitric agifl8 %. After reaction time of 10 min at a
temperature of 30°C the RDX vyield is 80% (for tlxeeg example it corresponds to 12.75%).
RDX can be crystallised from different solventslimting benzene, nitromethane,
acetone, acetic acid, nitric acilt exists in four polymorphic phases. TheRDX is the
room-temperature ambient-pressure phase, its regmicity at room temperature is 1.126
JI(9.K)*® The o and R phases can be thermally decomposed.yTtease is transformed
during a heating ramp either im or p phase, then the decomposition follows. The
decomposition rate ofi-RDX increases with increasing pressure, this fagfjgests a
bimolecular-type reaction mechanism. The activagarrgy ofa-RDX for decomposition is
213 kJ/mat’, and 144 + 4.3 kd/mol in unsealed crucidfeghe a-RDX crystallizes in
orthorhombic structure with eight molecules pertucell with the following unit cell
parameters: a = 13.182 A, b = 11.574 A, ¢ = 10408 The crystalline lattice consists of
pairs of RDX molecules in which the association tbE NG groups dominates the
intermolecular cohesiof:***RDX forms thea phase below 4 GPa and is in the@hase
above this pressure. They transition is a reversible first-order phase titams.>*>** Above
18.8 GPa, a new phasé-RDX) is formed. The observation @RDX is based on the
appearance of new vibrational bands in high-pressnfrared spectr&. The p-RDX is
prepared by evaporation of a high boiling soluteucth as thymol-RDX or nitrobenzene-
RDX. Nevertheless thg phase is transformed inphase upon contact withRDX or during
sharp agitation. Th@ — a transition induces shear stresses and/or cryst@cts, which
affects the performance @fRDX. After crystallization, dendritic crystals ¢¢RDX are
obtained. TheB-RDX crystals can be distinguished from the plabdésa-RDX by their

birefringence and morpholog$?’

2.1.3. Pentrite (PETN)

Pentrite, also known as nitropenta or pentaerght#tranitrate, was discovered in
1891 by Tollens and Wiegand. This energetic mdtagaalso used in medicine as a
vasodilator for heart conditions treatnf@nPETN has a detonation velocity over 7620'm.s
It is more sensitive to shock or friction than TRFTThe chemical structure and morphology

of PETN crystals are given in figures 12 and 13.
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The following

reaction

(nitration of 0
pentaerythritol
in a mixture of
concentrated I
nitric and 0~ 0

isnuu:;lijonczj)c I(Ijss Figure 12.Chemical structure of PETN. Figure 13 ziggn?giglys used in the
used for synthesis of PETN:
C(CH,OH); + 4HNG; — C(CH,ONO,)4 + 4H,0

The temperature of solution is kept below 25 — 80during 30 min, then the PETN is
filtered, washed with water and neutralized witdism carbonate solution. It is subsequently
purified by dissolving in acetone, recrystallizatiand air-drying® At ambient pressure and
temperature, PETN crystallizes in tetragonal stmat the lattice parameters are the
following: a = b = 9.38 A and c = 6.71 %.3* ¥ The activation energy of the PETN

decomposition is 175.0 + 3.3 kd/mol in unsealedibtas’®

2.1.4. Hexanitrohexaazaisowurtzitane (CL-20)

2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaistanane, also called CL-20, is a
relatively new energetic material synthesised byofd Nielsen in 1986. CL-20 is a
polycyclic nitramine with a three-dimensional casgfeucture and is probably the highest
energetic single component compound. The moleatitacture of this cage-shaped molecule

and its crystals are shown on figures 14 and 15.
ON \N\ji/N/Noz
N N
O,N” “NO,
Figure 15. CL-20 crystals used in the

Figure 14.Chemical structure of CL-20. present study.
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The starting reagents for synthesis reacfidhof CL-20 are N,N-dimethylformamide, acetic
anhydride, HBIW and nitric acid. The reaction igtked in figure 16.

Six polymorphs of CL- (Bn:-CH;-GgHs)
Bn._ _.Bn
20 @ to ¢ have been - En_ wﬁﬁn o PO
identified®® ¥ At ambient |8 va K
MeCN Mg,  AC20
pressure and room 1 9 3 CgHsBr

temperature, the-phase is the /ﬁ\

o -
most stable. The crystal H82§£§4. A

. O N NEM Oy
structure of the e-phase is ,\\):L{ Suffolan N,}L—LN

monoclinic. It contains four

molecules per unit cell. The _ _
Figure 16. Synthesis of CL-20.
lattice parameters are the
following: a = 13.696 A, b = 12.554 A, ¢ = 8.833ahdp = 111.18%* During DSC heating
ramps, a solid — soliel— y phase transition occurs at 160 — 170°C. It ioofedld by thermal
decomposition of the-phase at temperatures above 218*The activation energy parameter
is found fory-CI20: E, = 207 + 18 kJ.mdl (in nitrogen atmospher¥) The gaseous products
of the CL-20 decomposition at 240°C are identifeesdN, N,O, CQ,, CO. The main gaseous
products at 250°C - 400°C are B(®0%) and NO (25%) whereas CO, HCNO\ CQ, are
produced in small quantiti@8 An amorphous solid residue (17% of the weighthef starting
sample) is present at the end of the CL-20 decoitipos The molecular formulas
corresponding to the residue areg(sN,O, and GHsNsO,. It was observed that the residue
contains C=0, C=N, N — H and amide functions. Ifemencé' the authors found the
molecular formula of the residue formed at 285°@jclv was GH;N»O. In addition, they

found that the unreacted CL-20 is more thermallistainle than the original CL-20.

2.1.5. Summary on the thermodynamic data of the energetiaterials studied

in this work

The thermodynamic data of the energetic materglésied in table 2. The melting
temperature and the melting enthalpy, the decortipnstemperature and decomposition
enthalpy are determined from DSC curves at diffeherating rates. The curves are given in

appendix 2.1 to 2.4.
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Material Nitrocellulose RDX PETN CL-20
Cp at 298 K
1.126
(J/(9.K))
Tmelting (OC) _ 205 141 _
Melting enthal
J by _ 95 157 _
(J/9)
Tdecompositio"C) 192 to 195.5 205 to 209 170 to 185 200 to 231
Decomposition enthalpy
i) 1518 to 2308| 4688 to 50413750 to 3840 1200 to 4542
g

Table 2. Thermoanalytical data of the studied energetienes**

2.2. Characterization techniques

2.2.1. Nanocalorimetry

The nanocalorimeter designed for performing theraralysis at high heating rates

employs a commercial thermal sensew{v.xensor.nf and a controllervfww.nanotlab.com

The unique feature of the NanoCalorimeter is thaan handle extremely small amounts of
sample such as pico- and nano-grams. The sammefolaexample spin-coated polymer
films, one micrometric crystal: such samples carmgostudied by DSC.

The extension of the sample size to the nano- arwlrange can be interesting for
development of new surface-related technologiesrédtaire modification of nanometer-thick
surface layers in a controllable way. It can also useful in pharmaceutics where new
material production and purification is a time-limg step and the amounts of sample are
sometimes very small. It should be noted that geed of heating/cooling is not only crucial
for the investigation of small samples but alsongpthe way to carry out real-time analysis
for example for an on-line quality control. In atioin, having access to extremely high rates
of thermal treatment is of fundamental scientifigportance as it can produce materials in
unusual state (e.g., amorphisized materials oldaiyeapid cooling from the isotropic melt).
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1. Technical characteristics of the Nanocalorimeter

The main technical characteristics of the nanowaleter are the following?

- temperature range for the sample: 173 — 523 RQ(tb +250 °C); short-term (i.e. for some
minutes) heating up to +500 °C (773 K),

- absolute sample temperature is better than 1.0 K,

- the sample temperature resolution is better th@@l K,

- the maximum heating rate of the sample dependb®@membrane size of the sensor (e.qg.,
for XEN-3977 sensor, the maximum heating rate in idQde is approximately 1 000 000
K/s),

- there are two operation modes: the AC mode usingperature modulation with a constant
offset or temperature modulation with synchronoetection at double frequency and the DC
mode using rectangular pulse or a pulse of arlyifiam,

- there are three heating modes: external, intérealusing a heater assembled on the silicon
nitride membrane) or combined,

- the frequency range of the sample temperatureutatidn is 1.0 Hz to 40 kHz,

- the precision of the phase lag of the sample &atpre response is better than 0.05°,

- the maximum sampling rate (time resolution) i® R6iz (5us),

- the maximum buffer capacity is 100 000.

Two kinds of calorimetric sensors are used foreperiments. The first one mounted
on a TO-5 housing are used for experiments follotedptical microscope in reflexion. The
second type of sensor are flat sensors with hotearhousing behind the membrane to allow
monitoring with optical microscope in transmissi@oth sensors are presented on figure 17.

Figure 17 Sensor mounted on TO-5 housing (left image) aatdsgnsor (right image).
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The setup on figure 18 allows imaging the samplenducalorimetric experiment with an
optical microscope in reflexion equipped with a b high speed CCD camera.

For fast-heating measurements, th e ’ A
CCD camera is triggered by a signe e ""”"”\ |
of 4.5V delivered by the Sy H}M %

nanocalorimeter.

~ — Fast CCD camera

Figure 19 shows the trigger anc Optical microscope

heater voltage signals for o
Calorimetric chip

experiment performed with

trigger of the high speed CCD! - 20 R\ [T

- Nanocalorimeter
camera and the beginning of the

Figure 18 Laboratory setup for fast-heating measurements

heating ramp.  This  delay monitored with a high speed CCD camera.

1 , - 20x10°
corresponds to—, which shows A T
SF 4
. . — 15
that the triggering system operates
S
properly. . L 10 P
S 24 2
i s
-5
14 0.5 ms
0 -0
T T T T T T T 5
-400 -200 0 200 400 600 800x10
Time (s)

Figure 19. Nanocalorimetric trigger and heater voltage
signals.

2. Types of nanocalorimetric experiments

Several types of experiments can be performed authnanocalorimetric device. The main
menu panel of the Nanocalorimeter software is showfigure 20.
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ﬂ NanoCalorimeter - control panel

Jo&)

File view Help
Sysiem e Input gaire Modulation Slow heating Fast heating
-]
8 o o Soope| | el Umod Utpl Ul Uaux B st vake endvaie O votags v) Temo. (T O fivems) teme.(T)
— 00D 0O 0O O Fieq |75 200 |_ [—
Scan . B - 400 my iz Start 10.00 0 0 0
@ # Ao o e Ampl {01 0.2 -
Sampingrate 119000 1z |7 :g "\\; mé End [5.78 170 0.0 0.0
| | | -cOCm 0.0 0.0
Brieciee 5000 mas | e . . . ;: Oifset IEI 3 0.0 md S;l; |2 50 o0 00 _
Cvcleperod 11000 s : r : 5V I~ #2Fieq Ranp steps [50 I~ Hold fingl value Bufler 500.0ms
[ 10
. T — Sne vI | S¢E Loadl Make
Walues: re— Logging dala
. — lozk-in signal
My 0 = Rhirabs 0.00 U mod hir 0.00
HEEEETED g Mod amplitude === phase offset
j R htrdyn. 000.0 Ihtr 0.00
Offsst o Mod phase —— ->0<-| resetl e | |
Acqusition  lime const.= 5000 ms — T htr 0.00 T am te 0.00 o
Hir2 vollage = o Ramp progeess
Modkdekon power —-ver- 000 OO00CO00 [0¢] eset] | 1 py dyn. 0.00 T thermopile 0.00 7 |

| Hardware not initialized Mo data C\Program Files\ManoCalorimete \DATA|Z010-06-24),

Figure 20. Main control panel of the Nanocalorimeter program.

Continuous logging regime is used to record dat@fample during an isotherm. To this end,

the button “free log” in the logging data part igaged as shown on figure 21.

Different types of ramps can be executed to | Logaging data
determine the influence of the modulation cFree " £ Rarmp tomp.
parameters on the thermal behaviour of the - . .
sample such as frequency, modulation el I@ Riamp valt.

. . H
amplitude and modulation offset ramps. | AR OB o |

The corresponding panel is given on figure
22.
The modulation panel makes it possible to

Figure 21. Logging data part of the menu.

—Modulation
5

control the current flowing through the start value end value

. Freq. {75 | [200 -

heater. The button “continuous” starts the 3 I - I Ha f2mn

oscillator in a continuous mode with the Ampl. ]D.2 |D.2 md A-ramp

frequency, amplitude and offset indicated in Offset 1'33 |0.E| o T

the “start value” column. e
[~ w2Freq Ramp steps IEU

The values in the column “end value” are

only used to perform frequency ramp,

Continuous | Off | ISine v I

amplitude ramp or offset ramp in the range
Figure 22 Modulation panel.

indicated.
Heating of the sample can be realized with twoed#ht methods. Using the internal heater
(cf. “Slow Heating” panel shown on figure 23), dEsessable heating rates are in the range of

those used in classical DSC.
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With the elements of this group, one can Slow heating

control the second (or “guard”) heater of the o Voltage [V) Temp. ['C)
sensor. One can set the temperature, voltage stat 0.00 o
and ramp parameters. When the voltage value End [650  [170
is set, it will be automatically recalculated 1!1?:; 2 [o
into the temperature and vice versa using the I Bkl final valss

calibration file. If “Hold final value” is | | S<_>E|

checked, the heater will hold its final —
temperature after execution of the ramp, Figure 23 Slow heating panel.
otherwise it will be set back to the “start”

value.

In the other method, a voltage ramp is appliedhéoheater, which is suitable for high heating
rates. For fast heating measurements, the voltag lis defined either in the table “Fast

Heating” presented on figure 24 or by an arbitnaayweform (voltage ramp).

The button “Load” allows downloading the Fast heating

arbitrary waveform from an external heater O timefms) temp.(T)

(one column of floating point values in volts). g g =

The heating rate of the fast heating 0.0 0.0

experiment can be adjusted with the point g:g Eg

number of the wave and the used sampling S oY Y
Buffer: 500.0 ms

rate. The faster heating ramps are obtained T d{ Make] |

with fewer points in the wave and with a p—

higher sampling rate. The highest heating rate  Figure 24 “Fast heating” table panel.
of a sensor mainly depends on the correspondinghraara size as all sensors have the same
membrane thickness.

Interestingly, the calorimetric chip can also dethe approach or disengagement of
the AFM tip onto the membrane surface. The graphidigure 25 presents nanocalorimetric
curves obtained at different z positions of the &ipove the membrane surface. The
nanocalorimetric curves are recorded with freedbgmbient temperature with a modulation

frequency of 75 Hz, an amplitude modulation of @A, an offset of 0.3 mA.
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At the beginning, the tip is
above the membrane and fay__ 426
O —42.4
from the membrane surfacg>~ L4002 O
3 T3
(part 1). Then the tip |2 -42.0 9
1 -41.8 2
approaches the surface durin ;E P
engagement (part 2). In part Co _41:4
3, the tip sweeps the surface, 0 100 ' éoo 300 400
Finally, the tip is disengaged Time (ms)

(part 4), and in part 5, the tip Figure 25. Nanocalorimetric curves obtained at different z

positions of the tip.
is far from the membrane

surface.

3. Calibration standards for the Nanocalorimeter

Usually, the substances used to calibrate DSC twalve pure, non-volatile and should
not react with material of the crucible or with {herge gas. They should show a well-defined
phase transition (as a melting) with no measurltteresis, a high transition velocity and
they should not be influenced by grain size, phrtisize or shap€. Typically these
compounds are indium, tin, gallium, bismuth, zialminium. The chosen substances must
cover the temperature range of the experiment.

For our nanocalorimetric experiments, two substanaere chosen to check the
calibration: indium and zinc powders from Strem Qfwls. The optical and SEM

micrographs of these patrticles are given on fig@&and 27.

Figure 26. Indium microparticles (optical micrograph on tké,land SEM micrographs in
the middle and on the right).

51



Chapter 2. Materials and methods

Figure 27 Zinc microparticles (optical micrograph on the Jeihd SEM micrographs in the
middle and on the right).

It is clear that there is a wide range of partisize and variety of shapes. By heating the
particles above the melting temperature, the partghape is not observed to change
dramatically. In our experimental protocol, an urdi particle was deposited in the membrane
center then a first heating ramp is performed. ifgeds the indium particle was removed
and a zinc particle was deposited at the same .pldmeheating ramps of indium particle and
zinc particle allow to check the temperature calilon. The thermodynamic d&ta*’ of

indium and zinc are listed in table 3:

Tmetting (°C) | AHm (3.g") | Heat capacity (J:gK™)
indium 156.6 28.62 0.233
zinc 419.5 102.02 0.387

Table 3 Thermoanalytical data for In and Zn.

To check the purity of the materials, EDX experitsewere performed on the used indium
and zinc particles. The obtained spectra are givefigures 28 and 29.

On figure 28, the three peaks Spectium {
between 3,5 and 4 keV are
attributed to tin.

The spectra show that particles
are rather pure. The purity of

each metallic powder is

calculated based on six

Full Scale 6245 cts Cursor: 0.127 (B4 cts) ke

measurements, and is 92% for Figure 28. EDX spectrum of In particle.
indium and 90.6% for zinc

powder. In particular, the oxidation layer on tharticle surface is really negligible: the
oxygen peak on graphs 28 and 29 looks really srhh#refore these particles can be used as

calibration standards.
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Spectrurm 2

Full Scale E405 cts Cursor: -0.126 ({0 cts)

Figure 29. EDX spectrum of Zn particle.

2.2.2. Differential Scanning Calorimetry

In this work, DSC was used to characterize energetterials in open and closed
crucibles. The measured heat capacity was usealdolate the sample mass of the energetic
material deposited on the nanocalorimetric sensor.

The DSC Q1000 from TA Instruments at ISL was usesttidy energetic materials in
closed crucibles to determine the kinetic parametdrthe decomposition reaction. This
instrument has a temperature precision of 0.05rf€Casensitivity of 0.22W. The crucibles
used for this device are closed so the pressuréeirite crucible can reach a few hundreds
bars. These crucibles are used to perform DSC merasats through the decomposition of
energetic materials.

The Mettler-Toledo DSC 822E was used at IS2M ireotd obtain experimental DSC
curves on inert materials such as polystyrene. réselution is of 0.44W and 0.2 °C. The
sample can be heated from 0.01 °C/min to 20 °Cffhin.

In both DSC devices, the sample mass is typicdllyuafew mg, whereas the mass is about

few nanograms for the Nanocalorimeter.

2.2.3. Atomic Force Microscopy (AFM)

AFM is a surface characterization technique sugtdbt studies of both conductive
and non-conductive surfaces. The principle of AFMsists to sweep the surface sample with
a sharp tip mounted on the extremity of a microtitarer. The tip shape can be assimilated

to a sphere with a curvature radius of one to s¢vemometers. The interactions between the
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atoms of the tip and the atoms of the sample seirfabow determining the sample
topography.

During operation, the horizontal and vertical deflens of the cantilever are
transmitted to a position-sensitive photo-diodengsia laser beam bounced from the
cantilever. A piezo-electric scanner allows perfmgncontrolled motion along x, y and z-
axes’® AFM can be used in three modes: contact modejrtgppode and non-contact mode.
In the contact mode, the tip is in permanent cdntath the sample surface. In tapping mode,
the contact between the tip and the sample surfaggermittent, with the cantilever being
driven at its resonant frequency. In non-contactiepdhe cantilever also vibrates near its
resonant frequency however the interactions wighsdimple surface are mainly attractive. In
this work, the sample surface was imaged in tappingde. To visualize isolated
nitrocellulose chains, the three kinds of nitroglelfe are solubilised in acetone at different
concentrations, then the samples are depositedai?GH(Highly Oriented Pyrolitic Graphite)
in ambient conditions and observed by AFM in Tagpimode with DLCS tips.

2.2.4. Microbalance

AFM cantilevers are characterized by the probe dsimas (width, length, thickness)
and the elastic properties (Young’'s modulus). Thpaeameters determine the resonant
frequency ¢) and spring constant (k). The cantilever stiffneages with the thickness and
length. The largest error on the spring constamuis to the measurement of the cantilever
thickness?’

1. Mass measurement

In this work, AFM and more precisely micro-cantiées are used as a microbalance to
determine the weight of microparticle.

The SEM micrographs given on figures 26 and 27 slioat particles used for
calibration have irregular shape and unsmooth serf® one cannot easily estimate their
mass. The LSM 700 Bio/Mat (Zeiss) confocal micrgeednas lateral resolution of 200 nm
and z-resolution of 20 nm.

To use a microcantilever as a microbalance, oneasaimilate the cantilever to a

spring with a spring constaht In this way, when a particle with a masgs attached to the
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cantilever, the resonant frequency of the cantilelecreases. The mass determination with
AFM cantilever is based on the frequency differebheeveen the resonant frequency of the

cantilever with and without the particle:

S [1o1
m= Iev-E_E

In the equatiomm is the mass of the particlke, is the spring constant of the cantilewss,is

the angular frequency of the empty cantilever @nd the angular frequency of the cantilever
loaded with particle. To weight the particle it lsi$ necessary to accurately know the spring
constant of the cantilever. The latter is definethasforce required to bend the cantilever per
unit  distance. According to the cantilever manufeet (in this case,
www.spmtips.com/csc/c12/tipless), the spring camstan significantly vary even between
cantilevers of the same batch because of manufagtwariability> The spring constant
strongly depends on the thickness of the cantilesrech can vary from 20% or more in the
same batch? We used cantilevers with low spring constants ideo to have a higher
sensitivity of the resonant frequency to the adueds.

2. Calibration of the cantilever spring constant

A summary of the different techniques used to detse the spring constant is given
by Burnham and & The authors describe the advantages and disadesntafyeach
technique as well as the uncertainty on the sprorgstant value. In the following part, we are
going to explain the five most frequent methodsdusedetermine the spring constant of a
cantilever.

- The Cleveland method* *° uses tungsten beads with different diameters. When

massm is added to the end of the cantilever, the reddin@quency is given by :

po L[k
27 2\ m+m*

Where m* is the effective mass of a uniform cawmgleof rectangular cross section (m* =

0.24m, wheremy, is the mass of the cantilever). This equationkmrearranged as follows:

M =k(@m)™? -m*
According to this last equation, a linear plot lo¢ added mass versust¢®” gives a line the
slope of which gives the spring constant of thetitarer. The tungsten beads used in this
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method come from a polydisperse tungsten powddr avitnean particle diameter of gt

and a standard deviation of iBn. The particle mass is determined according talthmeter

of the bead (measured by optical microscope) aadthk density of tungsten (19.3 gfjm
With this method, the errors on spring constantlmadue to the diameter measurement of the

spherical beads and to the position of the beati@cantilevet>’:

L 3
k:kE(L—ALj

wherekg is the end spring constant, L the length of thetitever andAL is the distance

between the particle and the end of the cantilever.

- The Sader methodrequires to know the density or mass of the caweil and its
dimensions, the unloaded resonant frequency anduakty factor of the fundamental mode
of vibration. The thermal noise spectrum of the ibewér is measured to obtain the quality
factor (Q)>® This value depends on the density and viscosithefcantilever environment.
Air damping leads to a shift of 4% in the resorfaegquency down from its value in vacuum.
Gold coating used to increase the laser beam tigiters also known to influence the resonant
frequency?®

- The reference lever method of spring constant calibratin proposed by Torif
uses calibrated cantilevers the spring constamihoéh are already known. This method can
measure the force constant of cantilevérdbdtween 0.1 and 10 N/m) with a precision of
20%. The cantilever of unknown spring constant esped against three calibrated cantilevers
with different spring constants. These three cardile are tipless rectangular silicon levers
with nominal spring constants of 0.16, 1.3, and418/m. They are manufactured with
extremely well controlled dimensions and materiaperties and have an ideal rectangular
shape. A force curve is performed on the calibragetilever with the cantilever of unknown
spring constant (called the uncalibrated sensothen following). The spring constant is
deduced from the slope of the curve force perforagainst different calibrated cantilevers.
Experimentally, the spring constant is measuredl®as. The uncalibrated cantilever is first
press against a hard surface, and the cantileviéectien ©.:) is measured. Then, the
uncalibrated cantilever is pressed against the @ndhe reference cantilever, and the
cantilever deflection¥es) is measured.

The spring constant of the uncalibrated cantilesetetermined by:
Oy — O

k —_ tot test

test — ' “ref o cosd

test
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In the above equatiokes is the spring constant of the reference cantilevett is the angle
between the uncalibrated cantilever and the referarantilever. The resultinkes; can be
influenced by the stick-slip motion when one sprisgoushed against another Bhand by
the contact position of the two cantilevers.

- Thethermal noise method® is based on the equipartition theorem which steitats
the total energy of a system at equilibrium is eain equal parts between its different
components. For the cantilever, the thermal enstgsed in the cantilever oscillation equals
its potential energy. The quantitys.K/2 is associated with one degree of freedom. So
according to this theorem and by considering thdileaer as an ideal spring of const&nt
we have :

kT
k=72 (@)
(A%)

A? is the mean square displacement of the cantilévés the absolute temperature (K3, ik

the Boltzmann constant. Since the cantilever is angierfect simple harmonic oscillator

because of other vibration modes, a correctiomasdht to the equation:

K= 097Kk,T
(A%)

If we take into account bending of the cantilevethe chip holder of the AFM with an angle

(2)

a and the correction due to the other vibration nsptlee equation becomes:

2
K= 0817k, T cos’a 3)

(A%)

Experimentally, the optical sensitivity is first denined by pushing the cantilever against a

hard surface. The slope of the force curve corredpdo the optical sensitivity. In this
method, the main source of error comes from théed@bn sensitivity measurement, the
resulting uncertainty in the spring constant is lb8%° Then, the signal of the thermal

noise (figure 30) is acquired with a sampling frelgey of 122 Hz.
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Figure 30. Thermal noise signal for a cantilever (k = 0.026).

A power spectral density function (PSD) is calcetbhirom the acquired data (figure 31). The

Fourier transform of the signal recorded duringimaet period t allows to determine the

frequency range contained in the signal. The PShethermal noise image is peaked on the

resonant frequency of the cantilever fundamentaleras shown on the figure 31.

The segment
length of the PSD
influences the
smoothing of the
curve  whereas
the window
function type can
control the
frequency
leakage between

the frequency

-2
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Figure 31. PSD of the thermal noise signal.

bins®’. To exclude the problems with aliasing it is prefgial to check for each measurement

if the frequency peak is centred on the frequemspmance determined with the AFM auto

tune function.

In the next step, the PSD of the thermal noise aniagntegrated (figure 32).
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The step in the integrated curve
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thanks to the equation (1).

This method is rapid and Figure 32. Integrated the thermal noise spectrum.
easy experimentally but it is only valid for caetiers with a resonant frequency smaller than
61 kHz because of the Nyquist frequency. Indeeel seimpling frequency has to be equal or
superior to the double of the maximal frequencytaimed in the signal. The highest scan rate
obtained with Nanoscope IV is 122 Hz. This valueoig#ained by applying zero to the
rounding parameter in the scanner calibrationdie by acquiring the thermal noise image
with 256 lines. The cantilevers used in the workeneasonant frequencies of 14, 10 and 20
kHz. All frequencies are given in appendix 2.5.

The software used with the controller Nanoscope $VNanoscope V5.12b41.
According to Veeco specifications, the sensitivdf the laser on photodiodes can be
enhanced by decreasing the deflection limit ingheel “Other controls” before acquiring a
thermal noise image. The deflection limit clips amdplifies the residual cantilever deflection
signal®® The deflection setpoint in feedback control pasehégative in order to perform a
false engagement. The absolute value must be supetioe vertical value on the microscope
(vertical position of the laser spot on the phoboe). It must be smaller than the value of
deflection limit otherwise a part of the deflectisignal is cut. A false engagement can also be
done by clicking on engage and when the dialogxedppears on the screen hitting Ctrl-F.

The following experiment was performed on a canételz (resonant frequency = 12
kHz).
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On figure 33, we can  41=05V setp. = -0.03
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generated by
_ Figure 33. Resonance peak for several deflection limits.
decreasing the scan

rate of the thermal noise image (see figure 34).

The presence of the

N
=

<10 7' m T
alias at 4 kHz < 12 kHz
- . §10'22m 4 kH . )
indicates that there is | 1z : —— S.R=30.5 Hz, 256 lines
: 30%m : —— S.R =122 Hz, 256 lines
a filter at 8 kHz =10 m '
L]
-24 ]
f = fre’sonance-l_ falias 10 m :
filter 2 '
L]
L]
L]
]

Cantilever am
N
(4]

The area of the ! ! ! ! ! ! !

0 5 10 15 20 25 30kHz
resonance peak is in Frequency (kHz)
this case incorrect Figure 34. Aliasing of the resonance peak.

because a part of the peak is removed by the.filter
According to Veeco, the filter is located in thentroller. The measurement can be performed
without this filter by placing a Signal Access Mdel(SAM) between the controller and the

microscope as shown on figure 35.
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The “input 1” BNC on o omoscone TP

[oXeNe]
the back of the Z_ / Controller back

controller is connected
NANOSCOPE

to the “In O Output” | CONTROLLER —_—
(0] .1 .
BNC on the front panel no Signal Acces Module

of the SAM. The MICROSCOPE ][

thermal noise image is

recorded with the Microscope

signal of the Input 1.
Figure 35. Electrical scheme of the experimental setup.

- The cantilever spring constant can be also cakdor usinglaser Doppler
vibrometry (LDV)®3. This technique is used to perform non-contactatibn measurements
of a surface. The principle is based on the Dopsgitéit for an object which moves from the
source of the wave (laser beam). The vibrometeahagpicometer resolution, the laser spot
has a diameter of about 2i5.

The measurement of the cantilever displacement DY lallows eliminating some
uncertainties caused by optical lever detectiorh wihotodiodes on an AFM. Experiments
were performed with model CLFC AFM probes from ieétrobes. The tipless rectangular
silicon probes have three cantilevers with nomsm@ling constants of 0.16, 1.3, and 10.4
N/m. This technique enhances the signal-to-noisasorements of the deflection as shown on
figures 36°8
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B. Ohler explained in his

publication that for these
experiments, the laser spot is

positioned at the end of the

Cantilever amplitude [m Hz]
=

cantilever. Displacement data
are collected with a
frequency in the range of 256 107
to 1280 kHz, depending on
the resonance frequency of

10

the cantilever. For each
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cantilever, a power spectral
density function is measured,
the resonance peak is fitted
and the spring constant is
calculated with the equation
of the Sader method and with
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Figure 36. Three typical resonance peaks for the (a) dd0ong

cantilever, (b) 200um long cantilever, and (c) 100m long

cantilever of an AFM probe are shown as collectgdhdth AFM

and LDV. The signal to noise ratios shown are therages for
each group of three curves over the bandwidthcated by the
frequency scalé’

2.2.5. X-Ray analysis

The X-ray analysis were performed using two devic8mall Angle X-ray Scattering
(SAXS)®***and powder diffractometet’
Small Angle X-ray Scattering is an essential chirazation technique to elucidate

structure of semi-crystalline polymers. This teciua allows studying the material structure

at different scales from ca. hundred nanometefsulonanometers.

The powder diffractometer is equipped with an X-tape, detector, goniometer,

collimating slits. The detector receives the X-nalyotons diffracted by the sample, the

diffracted beam has an anglevith the sample reticular plane (the angle betwtbenncident

beam and the diffracted beam 8).2In the case of crystalline powder, the diffracteeam
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direction is given by the Bragg lawhr= 2dsir® where d is the reticular distandejs the

wavelength and n is the diffraction order.

2.2.6. Optical microscopy

Optical microscopy studies were carried out withesal microscopes.

At IS2M, an Olympus BX51 microscope equipped witlyr@pus DP70 digital colour
camera and a Leica microscope are used. Diffetdntexference Contrast (DIC) is employed
to study thin deposited films of polystyrene anttatellulose. In the DIC accessory, the
polarized light is separated into two beams, whiesults in an image with a pseudo-3D
contrast. DIC microscopy allows to observe theamiity of the deposited films.

The Leica microscopes from IS2M and ISL are usedcambination with the
micromanipulator to place particles on the membiseresor.

An Olympus microscope from ISL is used in Polarigzgatical Microscopy (POM) to
identify the variation of birefringence in energetnaterial crystals during nanocalorimetric

measurements. Figure 37 illustrates the operafitimeomicroscope in polarized light.

The polarizer and the = —
P Recombined Digital — p ME:J:Q::"
Light Rays Camera T
analyzer have to be After System Configuration

Interference

crossed to perform Eyepieces Bertrand

Lens
observation in polarized Intermediate
/TUbE
Ilght- _hnalyzer 'L‘ #‘-ﬂ'- Fliam

At ISL, fast

heating measurements of |Ordinary =& _
Ra —Birefringent

energetic materials are Specimen

filmed with a high speed Poferied -
Light

the microscope (with | From-——

Source _ ' ' [

CCD camera placed on

natural or polarized
light). Usually, the high

Figure 37. Schematics of the polarized light optical micimsge
speed CCD camera takes

5000 frames per second for fast heating experim@nitsthe camera is in fact able to acquire
even more images per second). The recorded filmsised to interpret the nanocalorimetric

curves.
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2.2.7. Raman

A Renishaw inVia Raman microscope with a 514 nnerddsr excitation wavelength
was used to obtain the local-scale spectra of skme at ISL.

The Raman technique is a vibrational molecular spscopy. The principle of this
technique is based on scattering of an incidenttrelmagnetic wave on molecules. The
scattered light has either the same frequency @snttident electromagnetic wave (elastic
scattering) or a different frequency (inelastictsarang). The Raman technique derives from
an inelastic light scattering process. The eneogy Is characteristic of the bond energy in the
molecule, therefore Raman spectra can be usedgesfiirints of molecules.

The Raman shift spectra were obtained from 203 @wn3200 crit. The system was
calibrated using a silicon wafer (vibration at ®®cni’). The acquisition of each spectrum
was performed by varying the acquisition time. irglary experiments were performed to
determine the maximal laser power one can use utittestroying sample, the laser power
was then fixed at 10% for the experiments.

2.3. Sample preparation

Before sample preparation, the extraneous fragnmntbe sensor are removed with
the micromanipulator then the sensor is rinsed witianol and acetone followed by heating
at 200°C during one hour. The fragments found @nsensor surface are probably pieces of
silicon coming from the edges of the chip or wirBthanol and acetone are used to remove
dust particles. The applied heating allows to they $ensor and to eliminate internal tensions
which can affect the value of the heater resistamcethe heat capacity of the membrane.

The sensor can be reused after some experimerisendrgetic materials which are
completely decomposable. In these cases, no resamnains on the membrane active area
while the sublimated material outside the measune@ea is removed by cleaning the sensor
in a good solvent (for example, acetone is a gobeest for RDX and PETN).

Several methods were tested to place a particke awstal in the membrane centre.
The micro particles and crystals for nanocalorilmexperiments are placed on the
membrane sensor by micromanipulation, the thindikme deposited by spin-coating on the

whole sensor surface or by micro-injection on treasurement area of the sensor.
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2.3.1. Micro-manipulation of particles and crystals

The sample preparation of a particle or crystgdasormed by placing the object in
the membrane center. This was carried out with eromanipulator MP-85 from Sutter
Instrument Company. As shown on figure 38, the amwanipulator is constituted of six
independent Huxley screws and one tip fixed omatriment holder. The tip movements are

governed by the screws.

The three screws in the upper instrument holder
part of the micromanipulator are
used for the micrometer tip
displacement, the three others| Micrometer
positioning

allow smooth, precise and

ultrafine  tip  displacements

tip

through a 10:1 reduction
mechanism. The
micromanipulator is a heavy and _

Ultrafine
solid device which ensures that positioning
there is no tip drift during
movements. The MP-85 Figure 38. Micromanipulator MP-85 from Sutter Instrument
dimensions are 25 cm x 25 cm X Company.
28 cm.

The X-axis can vary from O to 45 degrees in 15 éegrincrements. The resolution
from the micrometer screws is 10n whereas the resolution from ultrafine screws.& 0
um.f” A number of instruments can be fixed on the imsent holder (micro-needles, micro-
scalpel, micro-hook, ...) but these instruments gpecally too rigid to prepare sample on the
sensor membrane. Indeed, this kind of tools caakbtke membrane or sputtered circuitry.
Therefore it is convenient to fix a thin metal winea hair on a micro-needle. The metal wires
are either gold wire with diameter of 12iih (Alfa Aesar) or platinum wire with diameter of
25 um or a copper/nickel alloy wire with diameter of @#. The tip used to pick and place an
object depends on the interaction (Van der Waalsek) between the object (particle or
crystal) and the tip.

Figure 39 shows the experimental setup which coasbihe micromanipulator with an

optical microscope in order to place the objedhimmembrane center.
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=

Optical
microscope

Particle

Sensor

Micromanipulator

Figure 39. Experimental setup used to load the calorimetrip sensor.

In order to prepare the sample, we focus the lasigutce objective first on the tip. The tip is
placed in the center of the image, then it is wiglwh by turning the z-axis screw until its
shadow is visible. Then, the studied powder (enargeaterials or calibration standards) is
spilled over the microscope slide. The object whiels the desired characteristics (size and
shape) is picked up with the micromanipulator After that, the sensor is placed under the
microscope and the objective is focalized on tlmesgemembrane. The tip with the particle is
approached from the membrane surface and is rubbedthe surface until the particle gets
released from the tip onto the membrane surfagalllyj the particle is gently pushed with

the tip toward the membrane center.

2.3.2. Deposition of continuous thin films by spin-coating

Spin-coating was used to prepare supported polyines. Nitrocellulose solutions in
acetone were deposited by spin-coating on the sensmbrane. The parameters of spin-
coating are 3000 rpm for 90s and an acceleratimpraf 1000 rpm/s. The film uniformity
was checked with optical microscope equipped wWiEH@ filter.

The film thickness is measured by AFM with the sxtanethod on films deposited on silicon
wafer. (The solutions are deposited by the sameneraon silicon wafer than on calorimetric

chip).
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3. Calibration af the Nanocalorimeter

In the first part of the chapter, the procequre of the temperature
calibration is explained. Then the calipration of the power scale is
introduced for each Kind of experiments (i.e., the AC and DC modes).
After that, the temperature calibration for fast heating
experiments and the PID procedure used to refine linear heating
ramps Are presented. In the last parts of the chapter, the
temperature gradient on sensors is measureq 1717 placing an indivm
microparticle at different places on the membrane and an original

method to determine the mass of unknown particle is described.
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3.1. Temperature calibration procedure

The temperature calibration step is essential &oronetric measurements. This step
allows to calibrate and control the heaters tentpeza as well as the temperature and
sensitivity of the thermopiles. According to thepegaches described in the literafifiethe
sensor is placed in an oven to calibrate the heateperature, then the calibration is checked
with indium films sputtered on the whole sensor rheane.

In the first step of this protocol, an externalrthecouple is fixed on the sensor housing.
During a temperature increase, the external theooqme temperature and electrical
resistance of the heater are simultaneously redoréetypically parabolic fit through the

experimental points is used:
T=A+BxR, +CxR,’

where Ry is the resistance of the heating elements at teahpe T reading of the external
thermocouple. The coefficients A, B, C are constdntbe found for each sensor or sensor
batch. Such an analytical fit sometimes allowsarably extending the temperature range of
the calibration beyond the experimental temperatumés. The main imprecision of this
calibration method comes from the fact that theemdl thermocouple is placed approx. 1 cm
away from the measurement area, which could inteda significant error if there is a
temperature gradient between the external thernppecaand the elements of the active area
(e.q., heaters resistances, thermopiles). To civentthis problem, we propose a calibration
method based on the melting temperatures of metaltroparticles (indium and zinc).

In the following section, an example of the sersibration is given for sensor XEN-
3972 which has a measurement area of 100 x k08 The calibration depends on the
membrane size, the type of the membrane (the memlwan be e.g. from bare silicon nitride
or contain aluminium coating), and the sensor batch

- Cleaning procedure.

Before calibration and before each measurementeéhsor is washed with deionised
water and acetone to remove dust and other imesiritome silicon pieces coming from
fabrication of the sensor are removed with the am@nipulator. Then the sensor is prebaked
in an oven at 200 °C during 30 min in order to xdlae remaining internal stresses and to dry
it.
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- Calibration file.

The main calibration window of the Nanocalorimeteftware is shown in figure 1. At

the beginning it contains only zeroes and unitsahibration coefficients.

In the calibration [Raw data and calibration
WindOW, “Ttol” Ttpl [thermapile bermperature) (4)

P Utpl = 000.000 mV + [0 ﬂ
stands for the soooos - 1 cupe 0 cup?
thermoplle IJhtr [raadulation heater rel. waltage]
temperature, 000.000 =(000.000 mV + [0 )= |1 ﬂ
“Thtr” and Ihtr [madulation heater curent)
" ” nno.oon = |0 1 * 000.000
Thtrd” are the | * |
heater Thitr [(modulation heater temp.] (1) R= 000.000

000.000 = |0 + |1 *R + |0 R
temperature
measured by WO Thtrd [dynamic: mod. heater temp.](2) R= 000.000 /000,000
000.000 = |0 + |1 R+ |0 R
different  ways
y Theater|Jheater] (3)

explalned In T-= |1 "U+|D =12+ [o =3 Heater zafe voltage |5.61
appendix 3.1, Amplitude comection (5)
“Theater(Uheater Ac =|0.9623812 + 00012640 *T + 3596839 *T%+ e N e
)” |S the re|atI0n Cretailz and cormments: |Pl0fi|efulcalihrati0n
which correlates @ Fead % Close N/.-'-‘«pply % S ave

the temperature

of the heater to Figure 1. Calibration window of the Nanocalorimetric softwar
the applied voltage. The heater maximum safe vel{ag. the maximum voltage that one can
apply on the heater without destroying the sengomblting the aluminium thermocouples)
and the value “R htr” (i.e. the resistance of tleatbr measured at 22°C) are specified by
XensoP *.

- The five-step temperature calibration of the sens

The calibration we propose contains five stepsstFwe calibrate the temperature of
the heater resistances (1 and 2 on figure 1), Wwedetermine the dependence of the heater
voltage on its temperature (3). The internal thgrilecsensitivity is then calibrated by heating
the sensor with a heater resistance, and the hteagerature is linked to the voltage on the
thermopile (4). The amplitude correction functieneventually determined (5). At the end,
the calibration is cross-checked with melting terapges of indium and zinc microparticles.

Step 1: temperature calibration of the heatestasce
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Chapter 3. Calibration of the Nanocalorimeter

During temperature calibration, the sensor is glanea metal cylinder thermostated at
250°C. An external thermocouple (K-type) is fixed the edge of the sensor housing with a
kapton tape. The thermal contact between the edtémermocouple and the sensor is found
to be sensibly enhanced using a special heat simpound (Radiospare 554-311). The value
of the resistance and the temperature of the eadtéhermocouple are recorded using the

Nanocalorimeter during cooling of the cylinder.

Figure 2 shows typical pIotSOG 250+
obtained for a XEN-3972|¢
>
= 200
sensor. o
£
§ 150
2 Rh'[r
o _
§ 100 Riira
The curves T = f(resistances 9 -
are fitted with a parabolic | | | | | | | |
expression. The found 1950 2000 2050 2100 2150 2200 2250
Resistance (ohm)

parameters such as the onesS
Figure 2. Temperature of the external thermocouple as difumc

given below are introduced in of the heater resistancey(Rand Ry for a XEN-3972 sensor.
the calibration file:

T, =—1083+0.62691x R, —2031710° xR, *

T,uq = —10981+0.64522x R, — 2.612410° xR,,°

Step 2: determining the relation between the veltagthe heater and its temperature

This calibration step allows establishing the ielatbetween the voltage applied on
the heater and its temperature, which is essdntiglerforming temperature programs. Figure
3 shows the dependence of the voltage on the hesteits temperature. Before the
determination of the voltage dependence on theshéatnperature, the sensor is equilibrated
for several minutes with the environment. A voltagenp typically from 0 to 6 V is

performed to determine the calibration parametarthe curve given in figure 3.
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For each calibration it is

checked which  heater |G 2%°]

temperature (i.e., static or 150

dynamic temperature)

represents better the fit|g 1007

“heater temperature” =

Heater temperature (°C)

f(heater voltage). For the

| | | | | |
2 3 4 5 6
Heater voltage (V)

o -
[N

given example, it was the

static temperature, which

Figure 3. Heater temperature as a function of the heat¢agel
reads as:

T = 26114~ 378xU,, +82642xU, > -0.41764xU, °

Upon completion of this step, the calibration cmégints are stored in the calibration file.

Step 3: calibration of the thermopile sensitivity

Before determining the thermopile sensitivity, therent modulation is firstly turned
off in order to measure the offset voltage remanion the thermopile. The latter is
compensated for in the calibration file as follows:

U, = 0000mV - OffsetVolage

tpl

In the second step, the modulation is turned ome. thiikrmopile sensitivity is obtained
by performing a temperature ramp. Before launching experiment, the sensor must be
equilibrated for several minutes with the environtmeThe temperature ramp allows

correlating the heater temperature to the thermoqaltage as shown on figure 4.

o
E’ 200
=
© 150
(D)
3
The obtained correlation| & 100
Heater temperature =% 50+
(D)
T

f(Thermopile voltage) is T T | |

fitted with a polynomial 100 _200 300 400
Thermopile voltage (mV)

function, e.g. as shown

bel Figure 4. Heater temperature as a function of the thermogiliage.
elow:

T

tpl

-0.0001239kU_°2

tpl tpl

= 18726+ 0.56313U

Upon completion of the protocol, the calibratiorffizients are stored in the calibration file.
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Chapter 3. Calibration of the Nanocalorimeter

Step 4: calibration of the amplitude correction

In this calibration step, the modulation responsaroempty sensor as a function of
temperature is fitted with a polynomial equationdise as a correction function. The obtained
calibration parameters are saved in the calibrairofile.

- Remarks regarding steps 2 and 3.

The heater temperature as a function of the volégugied on it and as a function of
the thermopile signal obviously depend on the surdings temperature as shown in figure 5,
as at zero applied voltage the heater is equikbratith the ambient atmosphere. The latter

also determines the temperature of the thermoplbjanction.

G 500- &

@ 400 S 400-

2 =1

£ 300 © 300

=3 3

§ 200+ £ 200

£ 100~ & 100

o B

T T T T T T 1 T T T T T

0 1 2 3 4 5 6 200 400 600 800
Heater voltage (V) Thermopile voltage (mV)

Figure 5. Dependence of the heater temperature on the hasdtage (left) and on the thermopile
voltage (right) measured at different ambient terapees.

Step 5 : verification of the temperature caliioma

After completion of the four calibration steps pomsly described, the calibration
parameters are checked with melting temperatureéadafim and zinc microparticles. The
particles are placed in the centre of the actiea avith a micromanipulator. Then two heating
ramps at 20°C/min are successively performed. ® $leating rate is chosen to avoid thermal
gradients which exist between the centre and tlgesdf the active area. The first heating
ramp removes the internal stresses in the pamicteenhances the thermal contact between
the particle and the membrane. Melting of an indparticle (second heating ramp) is shown

on figure 6.
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It can be seen that the

melting onset 1.26-
temperature is different 124 175.49 °C| 4
from the tabulated one,|$ 1] 1| 179-06 °C
o L1224 !
i o o] 1N
I.e. 156.5°C. 3 120 ] ¥
in th heater| 2 — In Lo
Since e eate E 1184 _I_tr o
resistances (static and hud =
1.16+ Lo
dynamic) can be I I I I — I ]
calculated from  the 130 140 150 160 170 180 190 200
Temperature (°C)

equation of the ™ _ - _ _
_ _ ] Figure 6. Heating ramp of an indium microparticle used tanperature
calibration file, the calibration.
resistances
corresponding to the melting points can be easiynd.
The equation below exemplifies the temperature deégece of the static heater

resistance:
T.. =-1083+0.62691x R, —2.031710° xR *
Therefore the static resistance of the heater sporeding to 175.49°C is 215780 Similarly,

the equation for the dynamic resistance is giveave
T..o =-10981+0.64522x R, —2.612410° xR, ,°

The dynamic resistance of the heater corresportdid@9.06°C is found to be 2163¥ The
same experiments are subsequently performed arcavacroparticle. The sensor is placed in

the cylinder at 170°C in order to be able to retghzinc melting temperature as shown on

figure 7. 519.4 °C
Based on the initial 1.707 511.21 °C\e |

. . . 8 1.68- T 1 1
calibration file, the |o_ ™ . !
static resistance of the § 1.667 i E
heater corresponding EL 1.644 E E
to 511.21°C is 2794.5 | 1.62- : :
Q and the dynamiC 1-60_| T T T T |: :|
resistance at 519.4 °C 460 470 480 490 500 510 520

Temperature (°C)

is 2810.6 Q. These

. Figure 7. Heating ramp of a zinc microparticle used for tenapure
resistance values calibration.

corresponding to the

77



Chapter 3. Calibration of the Nanocalorimeter

melting temperature of indium and zinc micropaeiclare used to refine the temperature
calibration. Thus, the statistical weight of thesents is chosen to be much higher than the
weight of other points to force the fit to passotigh them (figure 8).

The difference
400
between the G
temperature o;)’ 300
. =
measured with a|&
o 200
thermocouple S T The
T
placed on the edge 100 htrd
of the sensor | I | : :
housing and the 2000 2200 2400 2600 2800
Resistance (ohm)

temperature
Figure 8. Temperature dependence of the heater resistabtased in the

measured with first calibration step and those upon calibratigthindium and zinc
indium microparticles.

microparticle is approx. 18°C. This difference i®sh probably due to the temperature
gradient existing across the active area and duleetamperfect thermal contact between the
external thermocouple and the sensor. The caldratiethod using metallic microparticles

provides us with more precise temperature valuessared in the centre of the sensor active
area.

After the calibration of the heater temperaturégotcalibration steps are performed in
the same manner as before, i.e. from step 2 todsté&mally, the temperature calibration is
checked again in the AC mode using melting of indmicroparticle placed in the membrane
centre. A typical AC curve is shown in figure 9.this case, the membrane temperature is
calculated as the sum of the external thermocouphaperature and the thermopile

temperature.
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It can be seen that the

onset of melting is at F<_ 43
] o o 1.00+
156.5°C, i.e. it is now |o_ ! 42
Q ot -y
much more correct. It is|S  0-957 156.5 °C, L 41 %
noteworthy  that the |& g gg- . L 40 O
onset temperature < '
0.85 ! ~39

determined from the I I T ' |

100 120 140 160 180

amplitude and phase
Temperature (°C)

curves is the same.
_ Figure 9. Heating ramp of an indium microparticle at 20°Gimi
Figure 10 shows a

similar AC experiment

. _ 2.10
Cérrled (?ut on a tin - 2 054
microparticle. % 2 004 o
The meltlngtemperatureg 1.954 §
is found to be 231.9 °C,:—El 1.90+ ©
ie. equal to the|< 185 _
tabulated one This 1.80—, | | | | | | 320
result is considered 200 210 220 230 240 250 260 270

Temperature (°C)

satisfactory for our

purpose Figure 10. Heating ramp of a tin microparticle at 20°C/min.

Generally, our experience shows that the tempegatalibration has to be performed
not only for different types of sensors but alsodach sensor batch. Thus, we found that the
heater resistances can vary for about 10 % fronmbateh to another. Also, in establishing the
calibration protocol, it was found that the opticahtrol of the particle position on the active
area of the sensor is important. It was observatdarticles can change their position or even
jump out of the active area during heating rampge 6f the reasons for such behaviour could

be the release of internal stress in the particle.
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Figure 11 shows two
melting peaks on the
curve measured at 2510
°Cls: the first peak

——— 0.934 °C/ms

corresponds to melting 0.8 1946 °C/ms
of the particle 0 4__ — %gzg ogmz

Thermopile temperature (°C)

positioned in the R I T T T T |

membrane center and 200 220 240 260 280 300 320
Temperature (°C)

the second peak is™ _ _ . , ]
_ Figure 11 Heating ramp of a tin microparticle at heatingsafrom
melting of the same 0.934 to 2.510°C/ms.

particle  moved to

another position.

The micrographs on figure 12 show the positionrofralium microparticle before and after a
heating ramp at 20°C/min.

Figure 12 Indium microparticle positioned on the membraniee(left) and after the heating ramp
(right).

It is visible that the indium particle is about 24 from its initial position after the heating
ramp. The nanocalorimetric curves correspondinthi® experiment are presented on figure
13.
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Here one can see §

0.95- ,

melting peak of the I

- ) O 0.90+ N | 42

indium particle located | J | o

) _ ! : - ~3

at the initial position |5 0.85 /—E\ : P %

(membrane center) atg- 0.80 . . i =
o < : : _38

156.5°C, and a second 0.75 156.5 °C: 185 °C' I

thermal event at 185°C. I I I —— I I
100 120 140 160 180 200

The latter most probably - ture (°C)
emperature

results from the particle
) _ Figure 13 Nanocalorimetric curves of an indium particle leelst

displacement during the 20°C/min.

heating ramp. The

melting peak of the moved patrticle is not obsetvedause it left the active area.

3.2. Calibration of the power scale

The power calibration is obviously as importantrestemperature calibration, as it allows
to calculate the enthalpy of thermal transitiond aeat capacity of the samples. On DSC or
nanocalorimetric curve, the heat capacity is measitnom the instantaneous power absorbed
by the sample during a linear heating ramp whigedhthalpy corresponds to the time integral

of the power through the temperature range of iians

3.2.1. Quasi-static conditions

The quasi-static conditions correspond to situatwimere the sensor is kept in
equilibrium with the environment and there is omlysmall perturbation generated by the
current modulation passing through the heater teegie. The expression for the electric
power dissipated on resistance RAs= |2R. The modulation current is = I, + 1, sin(at),
where } is the current offset and iis the modulation amplitude. The modulation poveads
as:
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P=I2R
or

P= ( O;R) +21 1, sin(at)R+1, 2sin(at).R

It is thus clear that in the Fourier space onetiass at the single and double frequency.
After integration over oscillation period, one gets

1,2R
P=1,2R+-

(1)

In the absence of modulation, in equation (1) treree evidently no terms dependent @n |
anymore. The power can be varied then only by dnantpe offset current {). The power
function expressed in this manner is namedoP In the presence of a constant amplitude
modulation, the power can also be varied by varyimg offset currentyl (the function is
named B). However, in addition one can vary the amplitwderent |. This results in the
power function termed3f,). If the double frequency is employed, there isoffset current
to be used. The power functiony)expresses the dependence on the modulation aogplit
for this case. The described methods are usedtendi@e the heat exchange parameter Q
according to equation (2):

P=QT, (2)
where Ty is the temperature of the thermopile.
The values of Q determined by the described fouhaus for a 30x3@m?2 sensor are given in
table 1.

Method R P, P; Py

Q (10° WIK) 3.62 3.59 3.39 3.56

Table 1 Heat exchange parameter determined accordingitaniethods at ambient temperature (see
text for more details).

The average measurement uncertainty is ca.’2M(K. It is clear that, within the error-bar,

the three methods result in almost the same vdl@e o

1. Determination of the heat exchange parameter (Q)

The heat exchange parameter (Q) corresponds tbethieloss of the system through
the environment and the membrane. The equatiolni?) the heat exchange parameter to the
electrical parameters measured by the nanocal@met

P=RI2=QAT 3
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where P is the electrical power, R is the heatsistance, | is the intensity of the current
which pass through the heater, afv@l is the temperature difference between the membrane
and the cold point on the edge of the sensor. Tngperature difference is given by the

thermopile. As shown on figure 14, we see thatslbee of the lineP = f (AT gorresponds

to the heat exchange parameter Q.

The line passes through the origin

0), W

3.0x10" \

i.e. when no power is applied on the

sensor, there is no temperature 2.5
difference which is detected. 20k
In the literatur® we find that the

heat exchange parameter is equal to Lo
2.10° W/K in normal conditions of 1.0

Q=3,6 10° W/K

Power given by the offset current (mod

temperature and pressure, which is 05 =
close to our experimental value 3.6 0.0 . | | |
0 2 4 6 8

10° W/K.

_ Thermocouple Temperature, K
The heat exchange parameter is

proportional to the thermal Figure 14. Electric power generated by the offset current
conductivity of the gas. The general versus thermocouple temperature.
expression of Q is the followifg
0= (rEE -1/4;)
A

where n is the number of molecules in the unit n@uof gas,y is the mean speed of a
molecule ) is the mean free pathaNs the Avogadro number.

On figure 15, the heat exchange parameter wasndigied on five sensors from the

same batch and with the same calibration file.
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We observe that

_ Q' (10°WIK)
there is nearly no
difference on the 3.62
value of the heat 360
exchange
parameter on five 3.58
sensors from the 3.56 —
same batch and
calibrated with the 34 T T T |
0 1 2

. . 3 4
same calibration Sensors 3

file. The average of Figure 15. Heat exchange parameter determined on five diffexensors.
the heat exchange

parameter is 3.59 + 0.02 TOWV/K.

The variation of the heat exchange parameter acapio the frequency of modulation is

given on figure 16.

Q' (10°W/K)
36.0 -
35.5
35.0 -
34.5 -
89 2 3 4 56789 2 3 4 56789 2
10 100 1000
Frequency (Hz)

Figure 16. Variation of the heat exchange parameter with rtaitun frequency.

We observe that the point at 50 Hz is far from oltlgers, it is because of the noise of the
mains at this frequency. The value of the heat @xgh parameter is almost constant in the
range of 1 to 1000 Hz.

Some experiments were performed under vacuum ieraa exclude the heat exchange

parameter through the air.
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According to the

*—e—0o o —o———©

measurements given on 3.2 a = 3.37e-05 £ 2e-07 W/K
. Q .
figure 17, the value of S 28-
the heat exchange|lw” 7

S 2.4
parameter is constant O i
with the temperature of 2.0 a=1.87e-05 £ 1e-07 W/K
the membrane. | I T I = T -

50 100 150 200

In air atmosphere, Q =

Thermocouple temperature (°C)

Q(membrane) + Q(air) =
Figure 17. Heat exchange parameter at several temperatuagsand
3.38 10° + 0.02 10 in vacuum.

W/K. In vacuum, Q =

Q(membrane) = 1.87 10+ 0.01 10 W/K. In vacuum, the heat losses are producedhsa t
heat exchange membrane and by radiation (the bsst¢d by radiation are equivalent in air
atmosphere and in vacuum). So the heat lossesgtiibe air atmosphere is 1.501W/K,
which is about one half of the total value.

2. Determination of the heat capacity (Cp)

The heat capacity, expressed in J/(g.K), correspaodhe heat required to increase
the temperature of one gram of sample by one deghese are several methods to determine
the heat capacity of the membrane and of the addess. The first method uses the curves

power versus temperature obtained by fast healimg. method is explained below.

20x10° 20x10°
— — 15
:z b =
< 10 2 104
g c
5 5
0- 0=  "| T T T
100 200 300 400 100 200 300 400
Temperature (°C) Temperature (°C)

Figure 18. Power as a function of temperature for differegdting rates (from 700°C/s to
57000°C/s) for a 30x3@m? XEN-3970 sensor ((left) and XEN-3971 60x68?2 (right).

The heat capacity of the empty membrane can bendieied from the curves presented on

figure 18. The power is calculated according toftilewing equation: P =U2/R; where U

is the voltage in the heaters angtRe guard resistance.
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The heat capacity
(Cp) can be found | 10x10°~ gy a¢ ipl = 180T
from the | i

| S 8
following 5

2 _
expression: & 6—
®=C, 5 4__ 850C/s
The @ stands for | | T T
160 180 200 220

the heat flow, the Temperature of the thermopile (°C)

heating rate is f. Figure 19. Heat capacity calculation based on fast heatingsmements.
The heating and
cooling ramps of the membrane are shown on figArdtls convenient to trace half the sum
of the two curves to calculate the heat capacityhefmembrane.
Another method can directly use the thermopile terature difference obtained after
subtraction of the experiment with a blank senddr{). This resulting data is multiplied by
the heat exchange parameter (Q) to calculate thieflogv, as reads:

® = QAT,,

The second method to determine the heat capacd#g gsasi-static measurements with
application of a temperature modulation. In thisegahe amplitude modulatiofoj is linked
to the heat capacity (Fand the amplitude of the heat flux (P):

P

S @2

O, =

So the Cp is given by:

In this equation, x corresponds to the slope oflitteerepresenting the amplitude modulation
(60) versus the amplitude of the heat flux (P).

The heat capacity of bare membranes is shown ffareint modulation frequencies on figure
20.
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X

= 4

(O]

s o @

8

S

2 o

I o

c

5 . ® o

2z 10'3] S

g s @® XEN-3972,100 x 100 pum? &

S 7{ e XEN-3971, 60 x 60 um? .

e 67 XEN-3970, 30 x 30 um? .

O =

I T T T T T I T T T T T T T T I T T T T T T T T I
5 6789 2 3 4 5 6789 2 3 4 5 6789

10 100 1000
Frequency (Hz)

Figure 20. Membrane heat capacity at different frequenciesénsors XEN-3970
30x3Qumz2, XEN-3971 60x60m?2 and XEN-3972 100x1Qdnz.

It can be seen that the heat capacity of the memsluacreases with the frequency increase.
This trend is understandable as at high frequenbggested area is smaller than that at small
frequencies. The heat capacity increases after J1lkidach probably means that other

uncontrollable factors come into play at these Hirghuencies.

3.2.2. AC calorimetric experiments

In the presentation of the AC amplitude on the cemplane, the norm and phase of

the amplitude are given (cf. Chapter I):

SR — and tand = ox
* Jimewp+Q2 Q

Here® (phase) is the phase difference between the tetyperoscillation of the sample and
that applied externally, m, c, T are the mass, legiacity and sample temperature,
respectively. Q is the power of the heat lossesh@heat exchange parameterthe angular

frequency of modulation.

3.2.3. Fast heating experiments

For fast heating experiments, the instantaneougpoan be calculated in two ways:
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(1) the sample temperature after subtraction of thetgmmembrane temperature (this
temperature difference with the blank curve is néu@y,) is multiplied by the heat
exchange parameter (Q) to obtain the power absabezleased by the sample:

P = QAT,

pl
(2) the supplied power is calculated from the valuéhefguard resistance {RThe graph
on figure 21 gives the evolution of the two resises (i.e. the heater and the guard) as

a function of temperature.

The data points are

obtained by measurlngg SOOO—W
the two resistances with % i Rh. 60 x 60 m2
a multimeter  (the |2 2000~

]
electrical scheme is % -W
given in appendix 3.2.) | 1000+ Rh, 30 x 30 um?
at each isotherm. To this i

I I I I
end, an external 30 100 150 200
Temperature (°C)

thermocouple is placed
Figure 21. Evolution of the resistances as a function of émgerature

on the sensor edge while for two kinds of sensors (XEN-3970 and XEN-3971).

the sensor is placed in a

heated cylinder. The two resistancesaRd R follow approx. the same linear law, the ratio
between them staying constant. Therefore one oaltliie value of Rfrom R..

Usually, we used the first way to determine thetantaneous power in fast heating

measurement.

3.3. Temperature calibration for fast heating experiment

The sensor calibration for fast heating experimevds refined in a way similar to what was
used in the previous section. The shape of thegelpulse was determined for each type of
sensor. To improve the signal to noise ratio, thikage wave was applied successively nine
times on the sensor before and after depositioth@fparticle. The average of the curves
measured on the empty sensor constitutes the blmsor curve (fi(blank)). The average of
the thermopile temperature obtained on the sensaded with a metal (e.g., indium)

microparticle (Tpi(exp)) is corrected for the blank curve.
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The power is obtained after the multiplication dietparticle temperature by the heat
exchange parameter (Q).

Figure 22 shows nanocalorimetric curves for anumdiparticle heated at different
heating rates ranging from 45000 °C/min to 7400D0rfin.

The peak broadening reflects the tim

D

50

required to melt the patrticle.

O_
-50

-100—

Power (LW)

-150—

—— 45,000 °C/min

-200 —— 261,600 °C/min
—— 428,100 °C/min
—— 625,200 °C/min
-250 740,000 °C/min

T T T T 1
100 150 200 250 300
Temperature (°C)

Figure 22. Heating ramps of indium micropatrticle.

- Characteristic time of thel|? 1907

nanocalorimeter 180-

170
Figure 23 gives the melting 1604

onset temperature of an indium

. . ) 150
microparticle as a function of

Melting onset temperature (°C)

the heating rate applied. 1407 ——, T - ———

5 6 7 ;3;) 2 3 4 5 6 7
105 . .
Heating rate (°C/min)

Figure 23. Melting temperature of an indium microparticle
measured at different heating rates.

It can be seen that the onset temperature incréased55.6 °C to 176.2 °C.

Figure 24 shows the same data as in figure 23nbiear coordinates. The slope of the linear
fit through the data points provides the charastiertime of the device, which is in this case
equal to 1.9 ms.
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Figure 24. Determination of the nanocalorimeter characteristne.

3.4. PID procedure used to refine the linear heating ras

Generally, a PID regulator allows adjusting the sueament signal relative to the
programmed signal. The error signal here is defasethe difference between the two signals.
The PID regulator can undertake three actions tomize the error signal:

- Proportional action: the error signal is multgaliby a respective gain;

- Integral action: the error signal is integratectading with respect to time, then it is
multiplied by a respective gain;

- Differential action: the error signal is firstfidirentiated with respect to time, then it is
multiplied by a respective gain.

In this work, the proportional action is found scifnt for refining the linear heating
ramps at high heating rates. In the following, vesatibe an example of such refinement on a
sensor XEN-3970.

The graphs on figure 25 display the heating andingoates obtained on two types of
sensors using the temperature calibration data.
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Figure 25. Heating and cooling rates versus temperaturegios@ XEN-3971 60xg0n? (left) and
sensor XEN-3970 30x3@m2 (right).

One can see that for high heating rates, espedallyensor XEN-3971, the heating program
is not linear.

Figure 26 presents the experimental heating rampr@nge) and the target heating ramp (in
blue) to reach. The heating rate corresponds tclttye of the target line. In this case, the
heating rate is 14.6 °C/ms (= 876 000 °C/min) t@pplied on a sensor with a membrane size
of 30 x 30um2.
By comparing

the experimental .
— target heating rate

and target experimental heating rate
programs, one

can see that there

Temperature (°C)
N
o
o

iS a curvature on

the experimental , | | | | |

curve between 0 0 S 10 15 20 25
Time (ms)
and 2 ms. The
temperature Figure 26. Experimental heating ramp and target heating raefpre PID
correction.
difference

between the two curves after 5 ms is 36°C. Thelm&avrity of the heating rate — especially
at the beginning of the temperature program — estduhe thermal inertia of the membrane.
This problem can be circumvented thanks to the pi@redure. Thus, if the experimental
heating ramp is lower than the theoretical heateargp, the voltage applied on the heater
should be increased. On the other hand, if the rempatal data points are higher than the
theoretical heating ramp, the heater voltage shbeldecreased. The PID procedure with the
proportional action can be implemented in sevaegisexplained below.

After sensor calibration, we first perform a vokagamp in order to have the heater

voltage versus its temperature as shown on figdre 2
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Then we interpolate the
heater voltage in order
to have a wave of the
heater voltage versus
the number of points of
the wave. In the
example on figure 28,

the wave has 1000

points.
In the third step, the

voltage wave obtained

through step 2 is applied
on the sensor. We obtain
similar curves as those
presented on figure 26.

The target temperature
(blue curve on figure

26) is the membrane

6
5
~ 4
2
£ 3
2 2
1
0 | | | | | | |
50 100 150 200 250 300 350
Heater temperature (°C)
Figure 27. Step 1, voltage ramp on the heater.
6
5
~ 4
2
£ 3
2 2
1
0 | | | | |
200 400 600 800 1000

Number of points

temperature we want to
the PID

in order to

reach after

correction

Figure 28. Step 2, heater waveform.

have linear heating rate. To this end, we calculagetemperature difference between the
target and the experimental curves for the membi@meerature as shown on figure 29.
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Here delta T represents
the temperature
difference between the
target temperature and
the experimental

temperature.

delta T ()

40

30

20

10

__—

50

100 150 200 250 300 350

Membrane temperature (°C)

Figure 29. Step 4, temperature difference between the tarpgtthe

experimental membrane temperature.

In the fifth step (figure 30), we interpolate thenee Uy = f(Temperature) obtained after the

voltage ramp of step 1, thus we haug H f(Temperature).

Uhtr(V)
O P, N W~ O O

100 200 300

Temperature (°C)

400

Figure 3C. Step 5, heater voltage as a function of tempegatur

In step 6, we differentiate the heater voltage (Uhith the temperature in order to have

du

—™ = f (Temperatue) as shown on figure 31.

dT
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o
w

o
[N

du,, / dT

0.1-&

0.0 | . ¥ |
100 200 300 400

Temperature (°C)

Figure 31. Step 6, derivative of the heater voltage over enajpre as a
function of temperature.

The next step (figure 32) consists in the calcatatf the voltage correction which has to be

added from the initial voltage ramp (step 1).

0.6~
0.5
0.4
0.3
0.2
0.1F

0.0 I I | | |
0 200 400 600 800 1000

Number of points

delta U, (V)

Figure 32. Step 7, voltage delta waveform used to subtraitteainitial
heater voltage of step 2.

The AU, is calculated as followsAU,, = d;J_I*j” .(T

target
The first part of the expression is the wave fraep<$ whereas the second part is the wave

experimental)

T

from step 4 (cf. figure 29).

In the following step, we addU,, of step 7 to the voltage wave of step 2. The new

voltage wave is represented by the violet curvéigure 33.
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The green curve is the
initial  voltage wave 61
5_

applied in the first step.

S 4
The violet curve | — 3L

DE Uinitial
corresponds to the oL U after PID1
corrected voltage wave 1
after the first PID 0 : ; ; : '
_ _ 0 200 400 600 800 1000
Iteration. Number of points

The new voltage wave is

_ Figure 33. Step 8, corrected voltage waveform after the Riiz@dure.
applied on the sensor.

On figure 34, the first experimental ramp is theegr curve, the black curve is the target

temperature, and the

violet curve is obtained | _ i
] O — target
correction. We observe|3 i after PID1
S 200
that the difference |&
£
between the (& 100
experimental and target | |
. . 0 5 10 15 20 25
curves is drastically
Time (ms
decreased. Nevertheles (ms)

there is still a curvature Figure 34. Experimental, target and corrected temperatur@sam

at the beginning of the

curve. Therefore a second PID iteration still ltabe performed.

3.5. Temperature gradient on the sensors

The temperature gradient is measured by placingndinm microparticle at different
places on the membrane. The particle is used asnaerature probe: the onset melting
temperature of the particle is brought up at edabgs on the sensor membrane. For the given
example the membrane has a size of 100 x (@ (sensor XEN-3972) and the indium

microparticle measures|n. The particle is placed with the help of a micammpulator.
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Chapter 3. Calibration of the Nanocalorimeter

Figures 35 shows the places where the particle plased inside and outside the
measurement area delimited by the thermocouples.

Figure 35. Indium microparticle of 9um on the sensor membrane.

The particle size is in the range of the schemégume 35.

80 Vv
60— Ve ~ Name Position Melting enthalpy Trnetting AT (T)
(um) 108 (J)
s 40 ) " In4 0;0) 6.2 156.5 0
= \' In4pl 60;3 6.05 171.7 -15.2
T 204 p (60;3) : . .
% o In4p2 | (9.1;27.3) 6.13 148 85
e — 4 —nap1 V. In4p3 | (18.2;18.2) 6.16 152.6 3.9
-20-| — In4p2 — In4p3 Indpd | (0;54.5) 6.05 130.7 25.8
Indp5 —— Indp4
404 Indp5 | (50;9.1) 6.05 166 9.5
In4p6 | (130 ;40
60 p ( ) _ _ _
I I I I
120 140 160 180
Temperature (°C)

Figure 3€. Nanocalorimetric curves obtained at 39,000 °C/mid eorresponding thermoanalytical
data for a um indium microparticle positioned at different phadnside the measurement area.

The nanocalorimetric curves of thauh indium particle placed inside the measuremerd are
are shown on figure 36, the melting enthalpy andtingetemperature for each places of the
particle are listed in the table from figure 36 eTéxperiments are performed at a heating rate
of 39000 °C/min (= 0.65 °C/ms). We choose thistreddy slow heating rate for the melting
temperature of indium particle to not being infloed significantly by the heating rate.

Delta T is calculated as follovaT = 156.5 - Tetting
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Chapter 3. Calibration of the Nanocalorimeter

We don't observe the melting of the particle platadfrom the measurement area (In4p6 on
figure 35), so the curve corresponding to the Ffeestting experiment of the sensor with the
particle at such place is not represented on fig6re

Figure 36 shows that melting enthalpy of the indpamticle is independent of its position, i.e.
it equals (6.11 + 0.07) 10J. However, the melting temperature does showparitience from
the particle position: the melting temperature onseies in vertical and horizontal directions.

T | | | | |
0O 10 20 30 40 60
Vertical distance from the center (um)

Al
o

Figure 37. Delta T as a function of the vertical displacem@itie
vertical axis and the active area limits are showthe insert.

The temperature variation (delta T) from the cetethe heater (vertical direction) is shown
on figure 37. When the particle is close to theteefat a distance smaller than 2@ from

the center), delta T is low (5°C). For a distancehe range of 2@m to 50um, delta T
increases almost linearly. The heaters are warhaar the center of the measurement area,

which explains why the temperature increases wighhieater proximity.
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Delta T (°C)
s .
T 7
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Figure 38. Delta T as a function of the horizontal displacatm&he horizontal axis and
the active area limits are shown in the insert.

Figure 38 gives the temperature variation fromdéeter to the edge of the measurement area
along the horizontal direction. The second poirdus to the vertical offset of this point and
not due to the horizontal offset (we don’t have mycecision for this point). We observe
that, along this direction, the gradient is mucéslsteep. When the patrticle is placed on the
edge of the measurement area apB0from the center, the temperature decreases 56€9.
Furthermore, 60um away from the center the temperature is 15.2%etothan in the
membrane center. This important decrease of temyerg due to the fact that the heater
strips are not infinite. Therefore, a part of tleahflux is spread radially, which explains why
the heater cannot heat the edge of the measuremeznas well as the center.

Concluding, we have observed through these expatsrtbat, on the one hand, the melting
enthalpy of indium microparticles is independentladir position on the membrane. On the
other hand, a strong temperature gradient existh@®membrane at distances aboveu0
from the center. The temperature gradient is mog@rtant along the vertical axis than along

the horizontal one.
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3.6. Mass determination of unknown particles

To perform a correct calorimetric experiment, ohewdd be able to weigh the sample.
We use a method based on the cantilever resonagudncy to determine the mass of
unknown particles.

AFM cantilevers are characterized by the probe dsiwns (width, length, thickness)
and the elastic properties (Young’s modulus). Faommon tipless cantilever from silicon
nitride (length 350 + Jum, width 35 + 3um, thickness 1.0 = 0.8m, p = 3.1 g.cri?) ®?, its
mass is about 39 ng. These parameters determimaaimemechanical characteristics such as

resonant frequencyoj and spring constant (k). The cantilever stiffneages with thickness

and length. According to the equation given in ¢ea@: m= klev.[iz—iz} therefore the
w

spring constant of a cantilever is the key factmr determination of the unknown particle
mass.

In our work, the first objective was to determirtge tspring constant of tipless
cantilevers in order to use them afterwards asaatialance for the mass determination of
the explosive compounds. To calibrate the cantilkevithe melting enthalpy of an indium
microparticle is measured by the nanocalorimetateti@rmine the mass of the particle. Then
this particle is fixed at the end of the cantilev&@he spring constant of cantilever is
determined from the mass of the indium particles thsonant frequency of the unloaded
cantilever and that of the cantilever loaded wiih particle.

Experimentally, we measure the spring constantvof tiypes of cantilevers: the first
are tipless cantilevers and the second are comvaltrectangular cantilevers for imaging in
Tapping mode. We made the measurements onu3b®ng, 35um-wide tipless silicon
cantilevers from Mikromasch. The nominal value loé ttantilevers spring constant is 0.03
N/m. According to the Mikromasch specificationsg #pring constant vary between 0.01 to
0.08 N/m. The rectangular cantilevers with a tip & TESP probes from Veeco. These
cantilevers have a resonant frequency between ZZ0D-kHz and their spring constants vary
from 20 to 80 N/m.

Optical micrographs reveal different sizes and skapf indium microparticles (cf.

chapter 2).
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An indium microparticle is placed on the

nanocalorimetric sensor by
micromanipulation (figure 39), then severa
fast-heating measurements are performed.
After the determination of particle mass by
nanocalorimetry, the indium microparticle i ‘
fixed at the end of the tipless cantileve
(figure 40) by placing the sensor in the AFM

and by pushing the cantilever against the
. Figure 39. Indium microparticle positioned in
particle. the center of the nanocalorimetric sensor.

The

spring constant of cantilevers with a tip is
determined without destroying or touching the
surface with the tip. For this measurement, the
cantilever is loaded upside down into the tip
holder.

Thus the tip of the cantilever is directed towards the
laser and the backside of the cantilever is directed
toward the sample surface. If the laser is
Figure 40. Indium microparticle on a (,,sed on the tip, it gets diffracted by the tip,
tipless cantilever.
o) one cannot obtain a single laser spot on the

photodiode. The laser beam is placed near thestghawn

on figure 41 Photodiodes

The resonant frequencies of the unloaded cantilamdr of Laser beam

|
|
|
[ —
1
|
|
|
|

the cantilever with the particle are measured byANine

autotunes are performed on the cantilever, the ageer

curve is fitted with a lorentzian (4): ‘/

C*Q
y=A+B*x+ (4)
\/Qz A=)+ ()3 Silicon wafer
f0 fO
. . _ . . Figure 41. Cantilever with a tip
In equation (4), Q is the quality factor, A is anstant, B is placed in the AFM.

the slope (the resonant peak is a little asymmet@cis a
proportionality coefficient, f is the resonant frequency of the unloaded camtileVhe fit

allows one to extract the quality factor and theorent frequency.
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Six fast heating measurements were performed oh e&cseveral indium particles to
determine the melting enthalpy of the particlese Tiass of the particles was calculated from
the melting enthalpy measured on the nanocalorimetirves using the melting enthalpy of
the pure material (28.62 J/qg).

The graph on figure 42 is obtained on an indiumroparticle at several heating rates from

32380 °C/min to 216640 °C/min.

400 T T T T

|Crystal|ization of In

N
o

)
(oN
¥
>

200 ,\

=
u

Melting Enthalpy (uJ)
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—— 65 460 T/min
-200 —— 112 450 T/min
——— 131 130 T/min
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Temperature (°C)

Figure 42. Nanocalorimetric curves of a indium particle of3®+ 0.90 ng.

In this case, the indium particle has a mass o80/G 0.90 ng. The nanocalorimetric
experiments are performed on nine indium partiglgh the masses listed in table 2. They

change in the range from 2.08 ng to 90 ng.

Particle In4 | InA| InB InC InD InE InF InG InH Inl lh

Mass

(ng) 2.08 | 90| 68.34 70.30| 32.93| 17.69| 43.03| 29.25| 11.20| 7.43| 11.11
ng

Accuracy

(ng) 0.16 | 1.30] 251 | 090| 092 0.29 105 0.65 0.12 0J]11 o047
ng

Table 2. Masses of indium particles used to calibrate trilevers
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The accuracy on the mass is determined using dinelatd deviation based on six fast heating
measurements. The precision on the resonant fregue@bout 2 — 3 Hz.

Figure 43 presents on the left the four amplitugeiiency curves corresponding to cantilever
E before (1) and after loading with In particlesdifferent masses (2 to 4). We observe that
the frequency is decreasing when the particle nrasgases as expected. Furthermore the
Lorentzian from equation (4) in red on figure 48 fivith the experimental curves. The

dependence of the added mass on the square ofaealipesonant frequency of the same
cantilever is given in the right panel of the figuirhe linear relation is satisfied in the whole
range of particle masses. The spring constant miileaer E can thus be obtained from the

slope of the curve, and equals 0.0454 N/m, i.ehiwithe nominal range. From the error-bars
on the particle masses, the standard deviatioheSpring constant is determined, which is
better than 1%. The effective mass of the cantilese8.12 + 0.18 ng. The latter is the

equivalent point mass concentrated at the endeotantilever.

I I I I I I I I
3 80|~ k=0.0454+ 0.0004 N/m
o 0.4f S
© c
2 %, 60 -
S S
= £
- - 40 -
g 0.2r S
(._"-U' ©
5 < 20 .
[%2]
o)
OO O ] ] ] ]
4 6 8 10 12 14 00 05 10 15 20
Frequency (kHz) 10°x (2) * ()

Figure 43. Left: amplitude-frequency curves corresponding to caweil 2E before (1) and after
loading with In particles of 7.43 £ 0.11 ng (2),2Q + 0.12 ng (3) and 29.25 + 0.25 ng (4). Blac# an
red lines correspond to the experimental data ésevith Lorentzian functions, respectiveRight:
added mass as a function of square of reciprosahent frequency for the same cantilever
successively loaded with nine different In particl€he effective mass of the cantilever is 8.12180

ng.
The spring constant of nine others cantilevers determined by the same method. It is
noteworthy that all cantilevers come from the sdratch. The graphs determining the spring
constant for each cantilever are given in appeBdx

The effective mass of these studied cantilevestiavn on figure 44.
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Figure 44. Effective mass of ten cantilevers.

The average of the effective mass is 9.12 + 1.83 ng

The quality factor Q is measured for unloaded tewdrs and for the cantilevers with a

particle of 11.11 ng.

Name | 2E_empty 2E_In | 4E_empty 4E_In | 5E_empty 5E_In | 11E_empty 11E_In
Q 27.495 | 45.893 31.584 | 44.225 31.529 | 48.327 22.358 39.623
Accuacy| 0.345 0.319 0.364 0.496 0.220 0.315 0.17% 0.305

12E_empty] 12E_In| 13E_empty] 13E_In| 14E_empty] 14E_In| 21E_empty] 21E_In
24.480 45.686 25.052 46.047 29.26% 46.972 17.747 .0035
0.270 0.335 0.209 0.312 0.226 0.366 0.433 0.326

23E_empty 23E_In| 29E_empty, 29E_In
21.591 31.924 26.465 45.213
0.208 0.259 0.180 0.322

Table 3 Quality factor for unloaded and In-loaded canties

The quality factors of loaded cantilever are higtien that of the unloaded ones because the
mass of the system (cantilever with the partiaheyeases but the frictional damping remains
the samé?

The determination of the cantilever spring constaith the Nanocalorimetry has several
advantages in comparison with other methods predemt chapter 1. First, there is no
uncertainty on the geometric dimensions (lengthdthyithickness) of the particle measured
by optical microscopy. The main error source foeveland’s and Sader’'s methods is the
precision on the dimensions of the object whicthes diameter of the beads for Cleveland’s
method and the cantilever dimensions for the Sadagthod. Then, the optical sensitivity of

103




Chapter 3. Calibration of the Nanocalorimeter

the laser is not used in our measurements as éothérmal noise method. Also, we are not
limited by the sampling rate which is the casehef thermal noise method so even the spring
constant of cantilevers with high frequency carsbecessfully calibrated. Moreover, there is
no stick-slip phenomena as for the reference Ievethod proposed by Torii, so our method is
applicable for determination of the spring constatipless cantilevers.

Determination of the spring constant of a cantileve with a tip through an
example.The cantilever is placed in the tip holder as shanrfigure 41. According to the
average of autotune curves corresponding to theyeogmtilever, the resonant frequency of
the empty cantilever is 307.89 kHz. The resonasguency of the cantilever with the indium
particle Inl is 219.12 kHz. The mass of the paetilcil is 8.22 £ 0.29 ng. The cantilever spring
constant is therefore determined according to égu#b):

My,

11
art2  4rky?

The spring constant of the cantilever is calculdatette 31.57 N/m. This value is within the

k= (5)

frequency range given by Veeco (20 < k < 80 N/m).

Application to the mass measurement to studies oi¢ explosives: the case of CL-
20. The determination of extremely small amounts oflesipes is really important in the
field of explosives detection. Some explosives sashPETN and RDX melt before the
decomposition point so it is possible to deterntireemass of such kind of energetic materials
according to their melting enthalpy. Others enecggtaterials such as CL-20 don’t melt

before the decomposition as shown on the follovili&{ curves.
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Figure 45. DSC curves of CL-20 measured at 10 °C/min.

On DSC curves on figure 45 we observe an exothepmak at 230°C which corresponds to
decomposition of CL-20, and an endothermic peal¥@tC corresponding to a polymorphic

transition (see chapter 4).
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Furthermore, the decomposition enthalpy and thgrpotphic transition enthalpy of CL-20
depends on several external parameters such asupresnd environmett Therefore it is
quite useful for the experimentalist to know thesmaf the crystal.

For the experiment on figure 46,

the mass of the CL-20 crystal is

determined with cantilever 2E (k = 300x107 -

0.0454 N/m). The frequency of the & 200+

unloaded cantilever is 11.767 kHz % 100 4

and the frequency of cantilever :

with the CL-20 crystal is 6.675 T y—

kHz, so the mass of the crystaf 0 100 igqpeé?fre (éfo 300 350
equals 12.96 ng. Figure 4€. Nanocalorimetric curve of a CL-20 crystal of

It was found that the 12.96 ng.

decomposition enthalpy is not constant with theihgaate as shown on figure 47.
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Figure 47. Nanocalorimetric curves of CL-20 measured at diffie heating
rates.

For the nanocalorimetric experiments shown on &glif, the mass of the CL-20 crystals are
9.89 £0.63 ng, 15.73 £+ 1.91 ng and 13.46 + 1.9amdjthe heating rates are 0.175 °C/ms,
0.086 °C/ms, and 0.036 °C/ms, respectively. Eadtigba mass is determined with three
different cantilevers 29E, 23E, 21E. We observetlus graphic that the decomposition
enthalpy depends on the heating rate: for the axpets at 0.0175 °C/ms and at 0.086
°C/ms, the decomposition enthalpy is 834.88 and4#8l3/g, respectively, whereas for the
experiment at 0.036 °C/ms the enthalpy is only 28.81 J/g. The influence of the heating
rate on the decomposition enthalpy of CL-20 wasomeg previously by Turcotte at
conventional heating rates of DSC (1, 2, 5, 10 96)m
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As far as the polymorphic peak is concerned, itlvarsingle or double. The last observation
can be assigned to the putitpf CL-20, so in this case we cannot determinectlystal mass

from the enthalpy of this transition.
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3.7. Conclusions

This chapter is focused on establishing the proeettucalibrate the calorimetric sensors.
The originality of the temperature calibration pedare resides in the use of the melting
temperature of metallic microparticles (In and Zm)cross-check the temperature measured
by the Nanocalorimeter. This cross-checking is dimmeheating ramps in modulation (slow
heating rates) and for ramps at fast-heating rates.

The measurements of temperature gradient are atsormed with an indium
microparticle placed on a XEN-3972 sensor (actremaf 100 x 10Qum?2). We observe that
the melting temperature of the indium particle noeed by the Nanocalorimeter changes with
its position on the membrane and that the meltmipadpy is constant when the particle is
placed inside the measurement area.

To improve the quality of the linear heating rangpshigh heating rates we propose an
iterative PID-based method.

To perform quantitative calorimetric measuremenis, weigh unknown particles using
the resonant frequency of tipless AFM cantilev&afore the mass determination, the spring
constant of the cantilever has to be determineld pigcision. Chapter 2 gives an overview of
the different methods designed to measure the gmamstants. In this chapter, we propose
the Nanocalorimeter as a new experimental toolstech measurements. In particular, the
Nanocalorimeter presents several advantages cothfiather methods. Thus it is free from
uncertainties on the object size, it is not limitgdthe sampling rate as it is the case of the
thermal noise method, it is not dependent on tkerlaptical sensitivity, and does not suffer
from problems due to stick-slip phenomena as isdi®e of the reference lever method.
Experimentally, indium particles of different siaee placed successively on a sensor. Then
several fast-heating experiments are performedrdieroto melt the indium particle and to

determine its mass through its melting enthalpye Gantilever spring constant corresponds to

the slope of the line representing the added maghecantilever as a function 5 f)2 .
JT.

Once the determination of the cantilever springstamt is completed, the unknown patrticle is

placed on the cantilever, and its mass is measwsdg the following equation

m= k{i —iJ where k is the cantilever spring constanis the angular frequency of the

W o

cantilever loaded with the particle, angis the angular frequency of the unloaded cantileve
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The precision of this method is about 3%, the maanor comes from the melting enthalpy

determination of the indium particles.
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s Study of explosives

This chapter is devoted to the thermal behaviour of enerqetic materials
quring nanocalorimetric experiments. First, D3C analysis are
performed on RDX and PETN to determine their activation enerqy of
decomposition, then the sublimation of RDX and PETN single crystals
deposited on A nanocalorimetric chip is evidenced. The Activation
enerqies af sublimation are extracted fram the nanocalorimetric
mensurements and A model of a single RDX crystal sublimation is
proposed. After that, the evaporation of RDX and PETN during fast
heating experiments is studied. The thermal behaviour  of
nanoRDX/TNT blends addressed with the nanocalorimeter allows to
confirm the presence of RDX nanoparticles in the blend. The Last part of
this chapter is focused on the thermal behaviour of CL-Z0 single

m/stnls.
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Chapter 4. Study of explosives

4.1. Micro RDX and PETN

The two energetic materials studied in the firstt ph the chapter are single micro-
crystals of RDX and PETN. The study starts from &CDanalysis in the bulk, then the
thermal behaviour of individual crystals is analyzeith nanocalorimetry to address the

sublimation and evaporation processes.

4.1.1. DSC Analysis

DSC experiments on RDX and PETN are performedased crucibles. On figure 1,

DSC traces of RDX were recorded during heating betw25°C and 380°C at six heating
rates: 2, 5, 10, 20, 40 and 60°C/min.

An endothermic 100—
transition is observed on| _ g —— 2 °C/min
o . |2 —— 5°C/min
all curves at 204°C, this|=  go 10 °C/min
event is immediately |3 404 - 28 gm:ﬂ
followed by an :?:3 20 60 °C/min
exothermic  transition. | T 0 s ‘4/ \
The endothermic -20 | I I I I T
transition is assigned to 50 100 150 200 250 300 350
Temperature (°C)

the RDX melting, while
Figure 1. DSC curves of RDX in closed crucibles measurezf@imin,

the exothermic peak 5°C/min, 10°C/min, 20°C/min, 40°C/min, 60°C/min.
corresponds to the RDX

decomposition. Table 1 summarizes temperatureeatialpies characteristic from the RDX

used in this study.
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Thermal analysis with the differential isoconversibmethod is performed using this

data to determine the

. . Heati ng_ rates AHmelting Tmelting AHdecomposition Tdecomposition
activation energy of the| (°C/min) (I/9) (°C) (J/9) °
RDX decomposition. A 2 98.9 204.2 4670 206.3
short description of the 5 94.6 204.2 4970 209.4
isoconversional method is 10 85.8 204.3 4340 216.2
given in appendix 4.1. In 20 87.8 | 203.7 5070 2226
this method, the activation 20 920 2031 4620 2337
energy is computed from th

60 89.7 204.7 4840 240.4
reaction rate at each

conversion. Table 1. Thermoanalyt_lcal parameters of RDX, as measured in
closed crucibles at several heating rates.

The activation energy of RDX decomposition for salalegrees of conversion is

given on figure 2.

-8.0— 5 120+
—o— 20% £
-8.5- —0— 40% 2 1
60% z ;—*—é—*++—é—+—§-
~ -9.01 —o— 80% 5 80
< 2 1
£ 95+ o
S 407 E, = 90 + 12 kJ/mol
-10.01 = |
2
- — Q —
105 T T T T T ., < 0 T T T T ]
1.98 2.00 2.02 2.04 2.06 2.08x10 0.0 0.2 0.4 0.6 0.8
1,1 .
T (K Conversion

Figure 2. Activation energy of RDX decomposition measuredlosed crucibles.

According to the experiments, the activation enedRDX decomposition is 90 + 12 kJ/mol.
In the literature, the experimental and theoretazivation energy of RDX is in the range of
96 to 219 kJ/mol. The discrepancy for activatiorrgy can be explained for example by
kinetic compensation effectsThe kinetic compensation effect consists in thet that &
correlates with the pre-factor. Whegikcreases, the reaction rate is not necessariiedses
inevitably because A increases to compensate forSB the activation energy of RDX
decomposition is strongly dependent on the sanfeacteristics (e.g., sample mass, particle
size, heating rate, self-heating of the sample)taedexperimental conditions (characteristics
of the surrounding atmosphere, shape and matdreainstruction of the sample holder).

Thus, the activation energy of RDX is known to #ase when the sample density decreases
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Independently of the compensatior Decomposition

effects, some experiments in closed ar RDX (g) —————— Products
) E(I "'140 kJ II'lDl_

open pans proved that there is
Vaporization

competition between evaporation an AH ~100 kJ mol®

decomposition  Thus in  closed
. L RDX (1)
crucibles, the activation energy of

" . Decomposition
decomposition is 200 kJ/mol, the E. 200 kJ mol”
decomposition occurs in the liquid
Products

phase. In open crucibles the, E
Figure 3. A kinetic scheme for the thermal

becomes 140 kJ/mol because of the decomposition of liquid RDX.

competition with evaporation and the
decomposition of the gaseous RDX (figure 3).

The mechanisms of the gas phase unimolecular dessitigm of RDX are explained
by a N — NQ bond rupture and by a concerted ring fission t@e¢hmethylenenitramine

molecules as illustrated in figure*4.

r\i()z
/N\ /N\
HyC CHyp H,C CHop _
| ‘ | 4 v, Ea= 143 kJ/mol
! N N
OzN/N\C/N\NOZ o NS SNO,

H, Hp

LoNN
H,C CH:
il s e—n— o, E5=219.5 kd/mol

|
| B

Figure 4. Schematic drawing of RDX dissociation via N —N#ond. rupture (E
= 143 kJ/mol) and symmetric ring-fission,(E219.5 kJ/mol).

DSC traces of PETN on figure 5 were recorded duhiegting between 25°C and
400°C at six heating rates: 2, 5, 10, 20, 40 arf€BaQin.
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The DSC curves
on figure 5 exhibit an
endothermic transition
at 140°C and an
exothermic transition in
the range of 180 to
200°C. The endothermic

peak corresponds to the

80
60
40
20

Heat Flow (W/qg)

-20-

— 2 °C/min
—— 5 °C/min

10 °C/min
—— 20 °C/min
—— 40 °C/min
60 °C/min

|
100

Temperature (°C)

|
200

| |
300 400

PETN melting and the
exothermic peak
corresponds to the

PETN decomposition.

Figure 5. DSC curves of PETN in closed crucibles measured at
2°C/min, 5°C/min, 10°C/min, 20°C/min, 40°C/min, €Jmin.

Table 2 summarizes temperatures and enthalpiesaatbéastic of the thermal

behaviour of PETN used in this study.

Heating_rates AHmelting Tmelting AHdecomposition decomposition
(Cmin) | @lg) | (O &) §
2 154.7 140.3 4320 181.5
5 148.0 140.0 4110 187.5
10 145.9 140.4 3940 194.2
20 135.3 140.0 3500 199.1
40 112.7 140.5 3970 206.9
60 87.7 140.3 3780 212.0

Table 2. Thermoanalytical parameters of PETN, as measuared i
closed crucibles at several heating rates.

The analysis with the isoconversional method hasnbalso performed on this data to

determine the activation energy of the PETN decasitipm. The latter is given as a function

of conversion on figure 6.
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Lé 200-
—o— 20% 3 _i_é_é_H_f i ®
. < 150
>
. <)
% 2 100
= (]
c E, = 181 £ 14 kJ/mol
S 504
©
2
g o
224 226 228 230 2.32234x10° I T ! ! '
1, -1 0.0 0.2 0.4 0.6 0.8
T (K) .
Conversion

Figure 6. Activation energy of PETN decomposition measurediosed crucibles.

According to the experiments, the activation enes§f?PETN decomposition is constant and
equal 181 £ 14 kJ/mol. The activation energy regmbit the literature is in the range of 132.7
to 197.5 kJ/mot. Therefore our values are in good agreement with literature. The

decomposition process is believed to follow a fst@p model which is summarized on figure
75

reactions E, (kJ/mal) | InZ (s?)

PETN— Condensed Phase Intermediates 196.6 41.59

PETN + Condensed Phase Intermediate&aseous

Intermediates 178.3 41.95

Condensed Phase Intermediatessaseous

Intermediates 149.7 36.00

Gaseous Intermediates Final Gaseous Products
(CO,, H,0, N,, CO, etc) 126.8 32.00

Figure 7. Four-step decomposition model of PETN.

4.1.2. Sublimation
The following section is focused on the sublimatgirenomenon observed for RDX
and PETN microcrystals. First, we identify the $oaition process, and then we study the

kinetics of sublimation for each of the two exples.

1. Evidence for the RDX and PETN sublimation

- Evidence of the RDX sublimation.
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The following optical micrographs on figure 8 aaién every 10s during an isotherm
at 130°C on a single RDX crystal. The time on epatture is the time given by the
nanocalorimeter during the isotherm. The isothetants at time t = 4s. The nanocalorimeter
operational parameters are 0.1 mA for the amplitGdg mA for the DC offset and 75 Hz for
the modulation frequency.

The first micrograph at 4s shows a RDX crystahia tenter of the measurement area. At 30s,

we observe the crystal

size decreases and
some particles appear
around the
measurement area. At
60s, the crystal
becomes smaller and
the amount of particles
around the
measurement area
increases. At 100s,
there is no RDX in the

center anymore but an

increasing amount of Figure 8. Optical micrographs of a RDX crystal on a sensup cluring

_ isotherm at 130°C.
particles around the

measurement area.

The AC amplitude curve corresponding to this isothes shown on figure 9.

We observe on figure 9

0.640-4 s Te, =130.6£03 T
a raise of the amplitude '
_ _ 5 0.635[: 34s  64s 104 s .
during the isotherm. | ' ! ' DO
_ _ o 0.630-]" ! .
This change in the S : . '
= | '
amplitude takes about 2 0.625 , '
]
92s to occur (from 4s to |  0-6207)! :
]

approx. 96s on figure 0.615- T I

0 20 40 6(5 80 100 120 140

9), then the curve stays )
Time (S)

at an almost constant™_ B _ _ .
Figure 9. Quasi-isothermal nanocalorimetric curve correspantb a

value after 104s. By single RDX crystal at 130°C (the experiment statt4 s).
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comparing the optical micrographs on figure 8 amel manocalorimetric curves on figure 9,
we assign the change in the AC amplitude to a pssjve removal of the RDX crystal from
the center of the measurement area.

To know if the material located outside the meas@mt area is crystalline or not, we
performed a heating ramp on RDX crystals deposited sensor which has a hole behind the
1 um thick membrane. This makes measurements in tigesinpolarized light feasible on
such a sensor.

On the
micrographs on top
of figure 10 we
observe RDX
particles which are
strongly
birefringent, i.e.
crystalline. These
micrographs
correspond to the
sample before the
heating ramp. The

two micrographs

on the bottom of bl e
figure 10 are taken Figure 10 View of RDX crystals in reflected and transmitggalarized light
after heating of the before and after a heating ramp at 20 °C/min.

RDX crystals at 20°C/min. It can be seen that mgflremains on the membrane, while the
material appeared outside the measurement aregsisltine.

Raman analysis is performed on RDX crystals locatedthe centre of the
measurement area before the heating ramp and balgmputside the measurement area after
the completion of the heating ramp to identify tha&ture of these particles. The Raman
spectrum on figure 11 is performed on one isol®&K crystal. On figure 11, the Raman
spectrum of the RDX crystal exhibits an intensekpea884 crit associated to the aromatic
ring stretching mode. The weak peak at 848 ¢srassigned to N&deformation and the three
intense peaks around 3000 trre due to Chistretching mode. According to the literatyre
this Raman spectrum is the signature of dHeDX. The Raman spectrum on figure 12 is

measured on a particle formed after the heatingpram
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2948 cm -
3002 cm™

884 cm™

848 cm’™

Intensity 10° (a.u.)
N

I I I I I I
500 1000 1500 2000 2500 3000
-1,
Wavenumber (cm”)

875cm™—

\

2985 cm™

Intensity 10° (a.u.)
T

I I I I I I
500 1000 1500 2000 2500 3000
-1
Wavenumber (cm?)

Figure 12, Particles obtained outside the active area aftexaing ramp of the RDX crystals at 20
°C/min (on the left) and its Raman spectrum (onriglat).

The measured Raman signal is not very intense beaafua small amount of material
and small thickness of the particle but one seat the spectrum is clearly dominated by an
intense peak at 875 ¢m(9 cm® away from that of thex-RDX spectrum). This peak is
characteristic of the3-RDX.2® Besides, the rod shape of the particles on figleeis
characteristic of th@-RDX.'° P. Torres et al. have found that formationpeRDX can be

induced by the substrate surface.

- Evidence for the PETN sublimation.

Similar experiments were performed on a single PEfystal with the same nanocalorimeter
parameters. The optical micrographs given in fighilBewere taken with one PETN single
crystal every 15s during an isotherm at 146.4° iBbtherm starts at t = 21s.
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We observe on
figure 13 that,
during isotherm
the PETN crystal
in the center of
the measurement
area becomes
smaller, whereas
some rod-shaped
particles appear
around the
measurement

area. At 201s, the
PETN crystal is

not visible Figure 13 Optical micrographs showing a single PETN crystah chip sensor
during isotherm at 146.4°C.

anymore whereas
a lot of particles appeared outside the measureraezd. The nanocalorimetric curve

corresponding to the isotherm of the PETN crystdi®.4°C is given on figure 14.

As with RDX, we Tro=1464£02°C 01 <

observe that the _ 1.20- :

increasing values of 3 :

. ] _ '

the AC amplitude '5 1.15 .

= '

correspond to a g 1104 :

decrease of the PETN | "
crystal size. 1.05+ — — T F |
0 50 100 150 200 250

Time (s)

Figure 14 Quasi-isothermal nanocalorimetric curve correspuntb a
single PETN crystal at 146.4°C (the experimentstair 21 s).

The optical micrographs of the PETN crystal in piakd light are on figure 15.
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Before the
heating ramp (cf.
micrograph  on
top of figure 15)
one can see
crystalline PETN.
After the heating
ramp, the PETN
has disappeared
from the center of
the measurement
area and a lot of

rod-shaped

particles are
present around Figure 15 View of PETN crystals in reflected light and iamsmitted
polarized light before and after the heating ramp0a®C/min.
the measurement
area.

Raman measurements are performed on PETN crysthloanparticles around the
measurement area which appeared during the heedimg. Figure 16 shows the PETN

crystal used to measure the Raman spectra.

Figure 16 Optical micrograph of a single
PETN crystal used for the Raman analysis.

Figure 17 shows the particles appeared during ¢lagirflg ramp at 20°C/min.
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Figure 17. Optical micrographs of particles appeared durivgghteating ramp on PETN crystal.

We observe needle-shaped and spherical particlesnarthe measurement area after
completion of the heating of PETN crystal at 20°@/m

The Raman spectra of these three kinds of parteskeshown on figure 18.

12 — PETN
i —— Needle and spherical
shaped particles

Intensity 10° (a.u.)

I I I I I I
500 1000 1500 2000 2500 3000
-1
Wavenumber (cm”)

Figure 18 Raman spectrum of a single PETN crystal and of the
particles after its heating ramp.

The Raman spectra of the initial PETN crystal igegi in blue, the one of the particles
obtained after its heating ramp is given in gré#ie.observe that the curves are superposed so
the particles around the measurement area are RIEStals, furthermore the PETN phase
has not changed after sublimation. The intensitthef PETN spectrum is lower than the
intensity of the spectrum of sublimated PETN, pilidpdecause the focussing of the beam
was not exactly on the PETN crystal. Renishaw heesady performed Raman analysis on
PETN", his data is identical to that on figure 18. Tleals around 3000 chare assigned to
the symmetric and asymmetric C — H bond stretchiiige intense broad peak at 870 — 890
cm* is assigned to NO stretching modes, the symmairitasymmetric stretching vibrations
of the nitro groups are at 1280 — 1300'camd 1630 — 1670 ch respectively?

Through these different observations, we comeeéactinclusion that RDX and PETN crystals
are recrystallized outside the measurement area afheating ramp at 20°C/min or after an
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isotherm. Therefore the sublimation process of Rild PETN is taking place. Besides, the

sublimation of thei-RDX crystals leads to its crystallization in tfeerh of B-RDX.

2. Kinetics of sublimation

The activation energy of sublimation is determirfed single crystals of RDX and
PETN. This is done through quasi-isothermal expenits illustrated on figures 9 and 14. The
increase of amplitude is caused by a decreaseeotrystal weight since the amplitude at
constant pressure is expressed as a function ofig¢bhe capacity of the membrane and the
added mass as reads:

where® is the amplitude of the temperature modulationcml are the mass, heat capacity
and sample temperature, respectively. Q is the éeetange parameten, is the angular
frequency of modulation.

The activation energy of sublimation of single RBK/stals is calculated using the
data of five quasi-isothermal experiments perforraedifferent temperatures in the range of
96.3°C to 159.7°C. The temperature accuracy is@.B°is noteworthy that at 20°C/min we
are not able to detect the enthalpy of sublimationng a heating ramp. The crystals used for
each isothermal experiment have to be more orslesiar, i.e. to have ca. circular shape and
a diameter of 1mm. This is required to avoid the size effects.

The temperature dependence of the sublimationa@tstant can be described by modified
Eyring equatiort®:

ks (T) = F o / (KT)] exp[-&/ (RT)]
where F{ / (kT)] is a frequency factor dependent on intelenolar bond vibrationsf in the
solid and absolute temperature (T),i€activation energy, k the Boltzmann’s constard R
is the gas constant. Eyring equation is similaiAtchenius law but Arrhenius law is only
applicable to gas-phase reactions whereas Eyringten is designed for solids. During
sublimation, the RDX particle goes from the solidts (crystal) to the gaseous phase, and
then eventually to the solid state again whendtystallizes on a cold surface. According to
Eyring law, the slope of In(k) = f(1/T) is equal+t&, / R.
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Figure 19 shows a

typical plot allowing to Z

determine the E, =100 + 10 kJ/mol
activation energy of % -4

sublimation. For each -6

quasi-isothermal 8

experiment, an T I T T
appropriate crystal was 24 21'/5_|_ 26 2.7x10°

selected under the
Figure 19 Rate of the RDX sublimation at a conversion of 50%

microscope. measured for a single RDX crystal.
The activation energy

of RDX sublimation determined experimentally by aaalorimetry is 100 = 10 kJ/mol. The
literature gives different values of the RDX suldiion enthalpy in the range of 97,8 to 132
kJ/mol**>* according to Hess law, the activation energy dflsnation is equal or superior
to the enthalpy of sublimatio(g, = AH_,, = AH,, + AH

evap meting - 00 the experimental value
is in agrees with the literature.

To build a simple model of the sublimation procesgs,assume that the process takes
place at the surface of the particle. So the rétth® mass decrease can be linked to the

surface and the rate (K) through expression (2):

dm
— =-K.S(t 2
ot (t) (2)
The particle mass (m) and of surface (S) for a sphee:
m:g.ﬂ.RS.p S=4mrR2=m?®
where R is the radius of the particle gn its density. Expression (2) can be rearranged a
follow:
M _km )
dt
After integration: m(t) = (-Kt+ mo%)e’ (3) (att=0s,m=gh

Ymit) =3/m, - Kt|(4)

The plot of equation (4) should be a line with@ps! corresponding to K (rate), the ordinate at

the origin ismo% :
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Figure 20 shows an optical micrograph of a singl2XRcrystal on the left and its mass

evolution as a function of the isotherm time on tight. A linear fit is given in red. The

temperature of the isotherm is 112.5°C.

1/3

mg

1/3

(Crystal mass)

1.4
1.2+
1.0+
0.8
0.6

0.4+ —— experimental
0.2- —— model

100

|
200

Time (mMs)

Figure 20. Mass evolution of a single RDX crystal (see textrhore details).

According to expression (4), the mass to the pavfel/3 scales linearly with time. It is the

case on the example on figure 20 so the sublimgtiocess is well described by this model.

For each isothermal experiment, the fit%;% = f(t) gives the rate (K) and the initial mass

of the particle (rg). These values are summarized in table 3.

o] Mo s
96.3 2.12 1.004
1125 3.03 2.760
130.6 6.17 10.673
150.9 6.19 45.337

Table 3. Initial mass and constant K for each isothermakeixment.

Figure 21 shows the plot allowing to determine #ativation energy of sublimation of a

single RDX crystal thanks to equation (4).
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_2—
4 E, = 91 + 10 kJ/mol
) i
<
_6—
_8—
[ [ [ [ [ [ [ 3
240 245 250 255 260 2.652.70x10
T (KD

Figure 21 Rate of the sublimation of a single RDX crystat@ding to the model.

The model gives the activation energy of sublinratd 91 kJ/mol. This value is close to the
one determined from nanocalorimetric curves at ewion of 50%. So the sublimation of a
single RDX crystal is well described by the modehaphere.

The kinetics of the PETN sublimation was also itngased through quasi-isothermal
experiments. The sublimation enthalpy was also dedsectable during a heating ramp at
20°C/min. The activation energy of a PETN singlgstal was determined based on nine
guasi-isothermal experiments. The temperature efjtrasi-isothermal experiments are in the
range of 126.6°C to 159.2°C. The accuracy on timpé&gature is 0.3°C.

Figure 22 shows a P

typical  plot for .

determination of the -4 E, = 173 £ 15 kd/mol

activation energy of Eé N

a single PETN 1

crystal at a -8

conversion of 50%. 1 | | I I

The activation 2.35 2.40 2.45 2.50x10°
T

energy determined
] . Figure 22. Rate of the PETN sublimation measured for a siRfi&N

experimentally is crystal.

173 + 15 kJ/mol.

In the literaturé”*® AFM analysis on PETN crystals give an activagorergy of sublimation

of 140 + 26 kJ/mol. Kai H. Lau et al. using thesion-effusion method determined the

activation energy of sublimation of 157.4 + 3.2rkdl, such activation energy stems from the

fact that the sublimation process is governed lystiblimation of monomeric C(GANQO,),4

and not by sublimation of polymeric vapour spe¢te®ur experimental value is close to this
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value if we take into consideration the accuracgwf measurements. We don’t have a model
for the sublimation of PETN because the evolutidntlee crystal height during the
sublimation is unknown. (The three dimensions @f thystal are composed together in the

total crystal mass). Some isothermal experimerasilghbe performed at low temperatures in

order to have a low rate of sublimation. A confaratroscope could give us the height of the

crystal during the sublimation. Figure 23 showstthee-evolution of the single PETN crystal
size.

I, and |, (um)
D
T

40 60 80 100 120 140
Time (s)

Figure 23. Micrograph of a PETN crystal and time-evolutiontsfdimensions at 146.4 °C.

The crystal length;land width 4 are shown as a function of the dwelling time. The lines
have the same slope, so the sublimation rate sticd¢ in both dimensions of the PETN
crystal and it is constant.

Figure 24 shows the time-evolution of the two disiens | and } for all isothermal
experiments. The isotherms are performed in thgeaf 126.7°C to 151.5°C.
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I, and I, (um)

_| T=132.4°C—e—
1 T=146.4°C—e—
7] T=151.5°C—e—
64 T=132.1°C—e—
54 T =126.7°C

4{ T=138.7°C—o—
T =144.4°C—e—

LI LI
2 3 4 5 6 789 2 3 4 5 6 78

.
1000

Figure 24. Time-evolution of { and .

Figure 25 (left) presents the time-evolution ofahd } at 132.4°C and 144.4°C, which is

largely linear. The right panel of the same figgiees the mass measured by nanocalorimetry

together with the product.l.

30
100+
° o
A 2 2
= 80 ~
5 @ 20—
5 60 * T=1324°C E 15-
c ® T=1444°C S
© 1)
= 40 |, g 197 1,1, at 132.4C
5 mass at 132.4C
20— —— 1,.I, at 144.4C
04 = mass at 144.4C
T T T T T T T T T
200 400 600 800 0 200 400 600 800
Time (s) Time (s)

Figure 25 Time evolution of{ and } at 132.4°C and 144.4°C.

It can be seen that the mass of the PETN measwyreédebnanocalorimeter approximately

follows the product 4l,. As expected, the sublimation rate is higher

feothermal

experiments at higher temperature. Figure 26 dgivesate of sublimation of PETN based on

the time variation of;land }.
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1.0

Xﬁ |

= 2.0 E, () = 163.6 kd/mol

- l

c

S 3.0

g .

= -4.04 e

| ! | ! | ! | !
2.36 2.40 2.44 2.48x10°
UT

Figure 2€. Rate of sublimation of a single PETN crystal meeddrom its dimensions and }.
The accuracy on the activation energy is aboutXZMél. So if one takes it in consideration,
the activation energy of sublimation is the saméath dimensions. The values determined
from dimensions ;| and } are comparable to the value determined experirieniey
nanocalorimetry, which is 173 + 15 kJ/mol (cf. figL22).

4.1.3. Evaporation

1. Evidence of evaporation

- RDX.

A fast heating experiment performed at 4420 °C/®R&X crystals was monitored by
a fast CCD camera. The trigger of the nanocaloemaiiows starting the camera just 0.3 ms
before the start of the nanocalorimeter. This syorization allows us associating each image
taken by the camera to a point on the nanocalorienairve. A sensor XEN-3971 is used for
this experiment (active area = 60 x@02).
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The nanocalorimetric

curve  measured in the
experiment is given on figure
27.

During this experiment, the
RDX crystals are heated until

the end of the melting process

then the molten crystals arg

immediately cooled down. Suc

Thermopile temperature (°C)

15+

10

--1387<C

180.8 T
L

L]
131%4 €

210.7C

L}
202.8C

T
50

I I
100 150
Temperature (°C)

200 250

experiment would be impossible Figure 27. Nanocalorimetric curve of RDX corresponding to

to realize with a DSC because

the RDX is immediately decomposed after the melfseg figure 1).

thermal cycle at 4 420 °C/s.

On figure 27 one observes a melting peak at 202.8rfd the crystallization peak at 131.4°C.

The optical micrographs recorded at the temperstararked on the nanocalorimetric curve

are shown on figure 28 (images taken during theirmgpaamp) and figure 29 (images taken

during the cooling ramp).

Figure 28. Micrographs corresponding to the melting procéd3[@X.
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On the first micrograph of figure 28 one obsertes RDX crystals used for the experiment,
they are placed in the center of the active areaoAding to the nanocalorimetric curve, the
RDX crystals start melting at 202.8°C. On the mireph taken at 202.8°C the RDX crystals
have slightly moved, this displacement can be gobybdue to formation of a thin liquid layer
under the RDX aggregate which mechanically destasil the aggregate. As the RDX
aggregate has moved toward the heater, the meltemgperature measured by
nanocalorimetry is 2°C lower than the melting terapge measured by DSC. The
nanocalorimetric curve on figure 27 shows two miaiat 210.7°C and 222.1°C within the
melting peak. The image on figure 28 taken at ZIDshows that a part of RDX crystals has
molten at this temperature. The image on figureté¥@n at 222.1°C shows a transparent
droplet of molten RDX: almost all RDX crystals am®lten at this temperature, there is just a
little crystal remaining which is visible in the ddle of the droplet. Figure 29 shows the
micrographs taken during cooling of the RDX droplet

Figure 29. Micrographs corresponding to the crystallizatioogess of RDX.
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The first micrograph of figure 29 shows the dropétmolten RDX in the active area and
some material outside the active area where thelwrsera looks darker. As the experiment is
really fast (100 ms), the material around the &ctivea can be only RDX. At 131.4°C, when
the crystallization starts according figure 27, th@lten RDX becomes darker than at 180.8°C
on figure 29. At 138.7°C, i.e. at the maximum oé trystallization peak on figure 27, the
micrograph reveals the crystallized RDX. The lastrograph on figure 29 shows the
crystallized RDX in the active area and RDX outsidhe active area. The described
experiment showed evaporation of RDX during a Feesting experiment at 4420 °C/s. The

following part is focused on the evaporation of RET

- PETN.

The ramp profile on figure 30 is applied on a SNGETN crystal.
The first part of the

350
ramp is from 25°C to |5 3004
170°C at a heating rate|'; 250
of 2520°C/s, then theg 200
sample is cooled from qg- 1507 v,= 2 520 °Cls
170°C to 39°C at a|@ "0 v, = 2560 °C/s
cooling rate of 50_| I I I I I I I
2520°C/s. This cooling 0 50 100 150 200 250 300 350

Time (ms)

is immediately followed
] Figure 3C. Temperature profile applied to a PETN crystal.
by a heating ramp from

39°C to 340°C at a
heating rate of 2560°C/s. The last cooling of thegle is performed from 340°C to 40°C at a
cooling rate of 2560°C/s.

Figure 31 presents the nanocalorimetric curve BEAN crystal which was submitted to this

temperature profile.
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The melting peak occurs
at 142.7°C during the

heating ramp. There is

N
|

RN
YA

o
|

no crystallization peak

during the cooling 49 ;
segment. The -6 :

S 142.7°C
nanocalorimetric curve -8

T T T T T T
does not come back to 50 100 150 200 250 300
Temperature (°C)

Thermopile temperature (°C

the baseline during
_ Figure 31.Nanocalorimetric curve obtained by applying the pam
cooling because the profile shown on figure 28 to a single PETN crystal

PETN stays molten.

During the second heating ramp, no melting peakbmapnbserved. A step occurs at 290°C,
then the nanocalorimetric curve returns to the Ioesséeuring the cooling ramp, which means
that no added mass is present on the membranegdilms second cooling ramp. At the

beginning of the second heating ramp, the PETN thé molten state, and during the cooling
ramp which follows immediately this heating rampthng remains on the membrane. So we

can assign the broad endothermic peak from 393DT8C to evaporation of PETN.

2. Kinetics of evaporation

- RDX.

To determine the activation energy of the RDX evapon, several heating and
cooling cycles at fast rates have been carriedoouRDX crystals. The fast heatings are
performed at 4160°C/s until the end of the melpegk, the isotherm time is 4.2 ms, then the
coolings are performed at 4060°C/s.

The following graph (figure 32) shows 11 cyclesfpened on RDX crystals. The
micrographs show the RDX before and after the yste.
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1% cycle : T i, = 237C
2" cycle : T, = 232T

ll 3 cycle and more : T, = 217T

Thermopile temperature (°C)

=4160 °C/s
=4040 °C/s

Vheating

Vcooling

T T T T
50 100 150 200
Temperature (°C)

Figure 32. Cycles of heating and cooling on RDX (left), RD&rficles before and after the first cycle
(right).

The graph on figure 32 shows that the melting otesaperature of the first cycle equals 205
°C, which corresponds to melting temperature of RIBX the second cycle, the melting

temperature shifts towards lower temperatures ()0This shift is due to a displacement of
the molten particle during the first cycle: the migraphs show that the particle is at the
membrane centre before the first cycle and after ¢hicle, the particle is moved near the
heater resistance. By correcting the temperatur¢hefisotherm, the following graph is

obtained (for a better understanding the two tiygles are not represented on the graph 33).

250
200+
150+
100+

Power (uW)

I I I I I
50 100 150 200 250
Temperature (°C)

Figure 33. Heating and cooling segments for RDX, ¥ 256.5 °C.

The mass of the crystalline and molten RDX is dakedl by integrating the crystallisation
and melting peaks of each experiment cycle and alieing them by the specific melting
enthalpy of RDX (161 J/g). The evaporated massesponds to the mass difference between
the molten and the crystallised RDX particle cquasling to the same cycle.
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Figure 34. Mass of molten and crystallised RDX (a), massvafperated RDX (b) for the
experimental curves shown on figure 31.

On figure 34, the points corresponding to the twst tycles on figure 32 are removed. We
observe on figure 34 that the mass of evaporateX BRays almost the same during the
cycles which follow the first cycle. According toxperiments performed by moving an
indium particle on the membrane, the differencesewdporated mass are not due to the
particle position on the membrane. Indeed, the af¢he melting peak is independent of the
indium particle position insofar that the partistays in the active area. This difference can be
due to the shape modification of the particle upearystallisation. We observe on the
micrographs from figure 32 that the particle is emspherical for the second cycle than for the
first one. The activation energy of RDX evaporatisrdetermined thanks to the evaporated
mass of RDX during the isotherm. Figure 35 shovesdétermination of activation energy of

RDX evaporation.

6_
\ Y
1 o ——
4 o ® ®

=z

=

= 5 E, = 22.2 kd/mol
0_

[ [ [ [ [ [ [
1.80 1.82 184 1.86 1.88 1.901.92x10°
T (KD

Figure 35. Determination of activation energy of RDX evapumat
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We find an activation energy of 22.2 kJ/mol. Acdngdto the literaturd the activation
energy should be 100 kJ/mol. Clearly, in this case do not have enough precision to
determine the activation energy of RDX evaporatath this method.

4.2. Blends of nano-RDX / TNT

4.2.1. Morphology

Blends of nano-RDX / TNT are obtained by a proa&dssanocrystallization patented
by ISL. This process generates by ultrasonic waaesaerosol of small droplets of
solvent/explosive. After the evaporation of thevsak in an oven, the particles are reduced

via Cottrell precipitation. The SEM micrographsT!iT and RDX microcrystals are on figure

x5000 C spm——— 3.00kU
#zolio0

*x1000 Z0prm 1 Smm
#Z010 TNT #2010

Figure 36. SEM micrographs of RDX (on the top) and TNT (oe bottom) microcrystals.
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The RDX microcrystals have granular appearancehand a polydisperse distribution
in size. The SEM micrograph on the top right sh&zX crystals which have cracks. These
cracks are due to the SEM beam which decomposeRDixeat this magnification. The TNT
microcrystals are flat and also have different siZ@ne can see on the SEM micrograph on
the bottom right panel that the surface of TNT talyis not smooth.

Figure 37 gives the SEM micrographs of TNT/RDX hlen(50/50) obtained after the
crystallization process. The proportion of each pound at the beginning of the process is
50/50 in weight.

Figure 37. SEM micrographs of TNT/RDX blends (50/50).

Figure 37 shows that one can obtain micrometritigdes after the process. As one can see on
the right panel of figure 37, these particles setarnse composed of two phases. The matrix
looks rough as TNT crystals on figure 36 whereasrtlalusion particles look much smoother
Therefore, we can suppose that the RDX crystalemueedded in a TNT matrix. The particle
sizes range from several micrometers to a few redsdof nanometers.

In figure 38, the proportion of each compound ak tbeginning of the
nanocrystallization is 30% for TNT and 70% for RDX.
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"A

pm——
#2010 TNT-RDX 30-70

x5000

Figure 38. SEM micrographs of TNT/RDX blends (30/70).

According to figure 38, we obtain microparticleseafthe process performed on a
blend 30% of TNT and 70% of RDX. In this case, thatrix looks smooth in comparison to
the matrix on figure 37. Moreover some cracks camdtiticed at higher magnification, these
cracks are similar on those on RDX microcrystadsrffigure 36. Some holes in the matrix on
the right of the figure 38 contain rough particlediich resemble small TNT crystals from
figure 36. We can suppose through these obsensati@t the TNT crystals are embedded in
a RDX matrix.

4.2.2. Nanocalorimetry on TNT/RDX blends

The TNT/RDX blends obtained after the nanocrystation process are studied using
a XEN-3970 sensor at 78000°C/min. DSC experiman& C/min are also performed on the
TNT/RDX blends in closed crucibles.

Figure 39 presents the DSC traces of the TNT anK RBed in the process of

nanocrystallization.
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Figure 39. DSC curves of TNT and RDX in closed crucibles roead at 5°C/min.

The first endothermic peak at 78°C on the trac&NT is assignated to the melting of TNT,
the decomposition peak of TNT occurs at 290°C. D& trace of RDX shows the melting
of RDX at 205°C which is immediately followed by ethdecomposition peak. The

nanocalorimetric and DSC traces are shown on figQre
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Figure 4C. DSC and nanocalorimetric curves of the TNT/RDXnble

The endothermic peak at 78°C corresponds to mettinGNT. This peak is visible on both,
the nanocalorimetric and DSC curves from figure HQcan serve as internal standard to
check the temperature calibration of the sensorDSE@ curves from figure 40, we observe an
exothermic peak at 190°C which is assigned to deoaition of the blends. It is noteworthy
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that the melting peak of RDX is not visible on D8@ces. The melting is hided or impeded
by the decomposition process.
On the nanocalorimetric curves, we observe an @edoic peak at 160°C for the

50/50 blend and at 181°C for the TNT/RDX 30/70 dleffhese endothermic peaks are
assigned to the melting of RDX. On DSC curves friigare 39, the melting peak starts at
205°C. Therefore the low melting events observedhs nanocalorimetric curves can be
attributed to the presence of RDX nanoparticleshan blends. The step at 290°C is due to
evaporation of the blends. No exothermic peak adgosition can be visualized on the
nanocalorimetric curves. Neither can we see therdposition peak of RDX or TNT.

These experiments show that the absence of themgesition peak on the nanocalorimetric
curves allows observing the melting of RDX. Themspion of the RDX melting temperature

confirms the presence of small RDX crystals inlilends obtained by nanocrystallization.

4.3. CL-20

4.3.1. Evidence for CL-20 sublimation during calorimetriexperiments

In this section, we focus on the sublimation of £1,- which is studied with a
combination of polarized light microscopy in transsmon and Raman spectroscopy.
A heating ramp at 20°C/min is performed on a simgyestal of CL-20 using flat sensor XEN-
3971. Optical micrographs are taken in reflected palarized transmitted light before and

after the heating ramp (cf. figure 41).
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Figure 41. Views of a CL-20 crystal in reflected and transedtpolarized light before
and after heating ramp at 20 °C/min.

On figure 41 one can see that the CL-20 particferbethe heating ramp is well crystalline

(birefringent) while the sensor membrane is darketAheating ramp, the micrographs on

bottom of figure 41 show that the regions surrongdhe active area look brighter than the
active area itself. The CL-20 crystal and the makeutside the active area are analyzed by
Raman. Figure 42 gives the Raman spectrum for 2C¢trystal used in this study.
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Figure 42. Raman spectrum of a CL-20 crystal.
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The insert in figure 42 is a zoom of the spectrueadetween 200 and 400 ¢nThe absence
of peaks in the region of 280 &rto 290 crt confirms that the CL-20 sample is pure:
according to literatuf8, there are characteristic peaks for three of te $table polymorphs
(0, B, v, €) in this area except The peak at 820 cincorresponding to the ring stretch and the
peak at 1124 cthare characteristic peaks of thpolymorph.

Figure 43 shows the Raman spectrum of the matauigide the active area.
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Figure 43. Raman spectrum of CL-20 obtained outside the actrea
after a heating ramp of a CL-20 crystal at 20 °@/mi

One observes a few particles outside the activa, amhich look rather thin. This could
explain why the Raman spectrum on figure 43 is ynoldowever, the two spectra are
different. A peak at 883 crhvisible on figure 43 was not on the spectrum ofZCLon figure
42 (we were not able to identify this peak from literature). On figure 43, there is no peak
in the area from 280 cfto 290 cnt and the characteristic peaks from thgolymorph are
not on this spectrum. Nevertheless, we observ@eh&s corresponding to the C-H stretch in
the region of 3000 cih) the peaks corresponding to the symmetric, Netch in the area
from 1215 cril to 1310 crit: these peaks are characteristic of CL-20 but weagdetermine
the polymorph based on the spectrum of figure 43.

4.3.2. Decomposition of CL-20

DSC analysis on CL-20 are performed in unsealecilnles at 1, 2, 5, 10, 20°C/min.
Nanocalorimetric traces are obtained on CL-20 &08¢2/min, 17380°C/min, 82000°C/min.
These analysis are on figure 44. Nanocalorimeipeaments are performed on sensor XEN-
3972, the size of the CL-20 crystal is aboujs@
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Figure 44. DSC curves of CL-20 in unsealed crucibles measatddC/min, 2°C/min, 5°C/min,
10°C/min, 20°C/min (on the left) and nanocalorineeturves at 5200°C/min, 17380°C/min and
82000°C/min

One endothermic transition occurs between 160°C288d4C, this transition is assignated to
the e—y transition. The exothermic peak which takes platceemperature superior to 200°C

is the CL-20 decomposition.

Table 4 summarizes temperatures and Hreaazggg AHeecomposiion| Tdecomposiion
enthalpies characteristic of the CL-20 used in (°C/min) (J/9) (°C)
this study at several heating rates. We can se¢ 1 2707 200
that the enthalpy of decomposition varies with 2 2575 205
the heating rate. 5 4543 216
10 1480 225
20 1200 231
5220 770 300
17400 1020 310
81600 540 340

Table 4. Thermoanalytical parameters of CL-20
at several heating rates .

A nanocalorimetric experiment performed at 850°{3/snonitored by a high-speed CCD

camera triggered by the nanocalorimeter to obsetvat happens to the crystal during the

heating ramp. The nanocalorimetric curve is onrggd¥. A sensor XEN-3971 is used.
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We observe on figure 45
. - 408.27C- - -
that the transitiore—y | gq ]
g 397.61C- -
occurs at 205.43°C and £ 40 850T/s
©
.y B ]
that the decomposition 2 30 36153C
peak is at 333.61°C. The| £ 20+ AN
2 20543T  273.48T ~
a 10 | )
marked  temperatures S 100C asarc ! amec/|
correspond to § 0 | T\I‘r — 7 |
temperatures for which 100 200 300 400
. . Temperature (T
the optical micrographs D (<)

are given on figures 46 Figure 45. Nanocalorimetric curve of a CL-20 crystal at athmeprate
of 850°C/s.
and 47. The

decomposition peak on figure 45 is sloped to tghtrprobably because the CL-20 crystal is

too big relatively to the size of the active arealse decomposition heats the thermocouples
around the active area too much (the thermocoupbasores the temperature of the

membrane and the heat released by the decompositereases this temperature). The

importance of the decomposition peak shows thatst#resor could detect CL-20 crystals

which are much smaller than the crystal on figuge 4

The optical micrographs taken at temperaturesenrahge of 100°C to 333.61°C are given on
figure 46.

According to figure 45, the
transitione—vy occurs at 205.43°C.
No modification corresponding to
this transition is observed by

optical microscope on figure 46.

Figure 46. Optical micrographs taken from 100°C to 273°C
during the heating ramp at 850°C/s.
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The optical micrographs taken

333.61TC

during the decomposition peak are
shown on figure 46. According to
the nanocalorimetry, the
decomposition occurs in ca. 36 ms.
On figure 47, the micrograph at
333.61°C is taken at the onset

decomposition temperature of the

first micrograph of figure 47 with
the last micrograph of figure 47 we

observe that the crystal has rotated Figure 47. Optical micrographs taken during the

by about 30° at the decomposition decomposition peak.

onset temperature: this rotation can

be due to a thin gas layer formed during the firestment of the decomposition.

On figure 47, we observe that the CL-20 crystalobses a bigger at 361.53°C. According to
nanocalorimetric curve on figure 45, the end ofdeeomposition peak occurs at 369°C. The
last micrograph of figure 47 shows that a resideraains on the active area. According to the
formula of CL-20, the oxygen balance of CL-20 ig&igve so the decomposition is not total.
This residue is already observable at 397.61°Cigard 47 when the decomposition peak is
not yet finished (cf. figure 45).

The residue at the end of the CL-2

decomposition is analyzed by Ramans
(cf. figure 48). =
The spectrum is similar to the one

found in the literaturd®2 It shows

that the residue contains mainly ' ' ' ' ' '
500 1000 1500 2000 2500 3000

carbon, some amides and a smdl Wavenumber (cm’)

amount of unreacted CL-20. Figure 48. Raman spectrum of CL-20 residue obtained
after a fast heating ramp of a CL-20 crystal .
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4.4. Conclusions

This chapter describes our nanocalorimetric resuitexplosive micro crystals such as
RDX, PETN and CL-20. Also blends of nanoRDX / TNE addressed.

The first part of this chapter is focused on thblistation and evaporation of RDX
and PETN microcrystals. We observe that the suliamaof a-RDX leads to its
recrystallisation irf-RDX on a cold part of the calorimetric chip. ThéoBmated PETN does
not change its phase upon recrystallization. Thizraon energy of the-RDX sublimation
is 100 £ 10 kJ/mol and the activation energy of RESublimation is 173 £ 15 kJ/mol. The
possibility of studying evaporation of PETN and Rid&hown.

Interestingly, the RDX and PETN crystals are no#lergoing decomposition during
fast heating ramps on the nanocalorimetric chip redee these energetic materials are
decomposed during DSC experiments.

In the second part of the chapter, we character@@®RDX/TNT blends which were
synthesized in a prototype of nanocrystallizatiS&M micrographs of RDX and TNT allow
identifying the different components obtained ae tend of the process. The thermal
behaviour of the blends shows a difference betw28@ and the nanocalorimeter chip. On
DSC curves, the melting peak of RDX is hidden opéaed by the decomposition peak
occurring at 200°C whereas the nanocalorimetrizesido not show the decomposition peak
of the blends, but show the melting peak of RDXe Thelting of the blends obtained after
nanocrystallization occurs at lower temperatures tim the initial RDX. The depression of
the melting peak supports the presence of nanoROMNe blend.

The last part of the chapter is dedicated to stafyYCL-20. The evidence of its
sublimation during nanocalorimetric experiments abtained with polarized light in
transmission. The important exothermic peak cooedmg to the CL-20 decomposition is
clearly visible on the nanocalorimetric curves. sThieak prompts us thinking that the

nanocalorimeter chip could serve as a sensitivectiat of CL-20 traces.
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5. ]’arS}JactiVes af anergetic materials
detection

A wide ranqe of detection devices based on different physical properties
exist Already. Some of them have been introduced in chapter 1. Here, we
are qoing to evaluate the capacities of the nanocalorimetry with
reqard to differentiating the enerqetic materials, as well as with reqard
to the detection limits and compare it to the existing methods. The
performance criteria on which security screening technologies are
Judged are accuracy (high detection), speed and cost. Systems must
also be sufficiently automated for nontechnical security personnel to
operate.

Two Kinds of energetic materials are taken as representative examples:
the crystnls af Llow molecular mass axplasiws (RDX, PETN, ¢L-20)
studied in chapter 4 and A polymer explosive (nitrocellulose thin

film) .
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Chapter 5. Perspectives of energetic materials detection

5.1. AC experiments with nhanocalorimetry

In chapter 4, we observed that RDX, PETN, CL-2Gtalg sublimate during a heating
ramp at 20°C/min in the AC mode (frequency = 75&tmplitude = 0.1 mA, offset = 0.3 mA).
For the nanocalorimetric curves on figure 1, eagieement is performed in the AC mode at

20°C/min on a single crystal placed in the centehe active area of a XEN-3970sensor.
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Figure 1. Nanocalorimetric traces of PETN, RDX and CL-20tedat 20°C/min.

Figure 1 does not reveal melting peaks of RDX ai€lr¥, neither it is the case of
polymorphic transition of CL-20. For PETN and RDbketsublimation occurs at 100 °C, at
200 °C for CL-20. PETN and RDX are sublimated atsame temperature because they have
similar vapour pressure whereas CL-20 has a lowpouwr pressure (see figure 11 in chapter
1). In such conditions, the only parameter which déferentiate PETN and RDX through
AC calorimetric experiments is their activation By In our experiments on nitrocellulose
films, we deposited by spin-coating the acetonatgmis of the three grades of nitrocellulose
on XEN-3970 sensors which have a measurement &&@> 30pum?2. The nanocalorimetric
curves corresponding to the three grades of nilrdose films measured on heating at 20

°C/min are given on figure 2.
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Figure 2. Amplitude and phase curves of spin-coated nitfolose films corresponding to modulated
heating at 20 °C/min.

We observe that the amplitude increases and theepiecreases starting from 190°C. There
is no exothermic peak which could be attributedhe nitrocellulose decomposition. The
modifications visible on amplitude and phase cunesild be attributed either to
decomposition or sublimation of the nitrocelluloens. The decomposition temperature
measured by the calorimetric chip is 190°C for tiveee nitrocellulose grades. This
temperature is close to the one measured by DSChigh pressure crucible (see appendix
2.4). There is no difference observable by nanorakiry between the three grades of
nitrocellulose. According to figures 1 and 2, itriet possible to differentiate each tested
explosives through AC calorimetry because the drdpsition visible on nanocalorimetric
curves is the sublimation. The sublimation of PERIQX, CL-20 was bringing to light in
chapter 4 through isothermal experiments.

In the described experiments the sample weightsPBTN, RDX, CL-20 and
nitrocellulose thin films are 30 ng, 5 ng, 20 ngld’b.6 ng, respectively. Table 1 shows the
noise for each experiment determined from figureThie table 1 gives the height of the
sublimation step of each materials, the noise @nnnocalorimetric curve and the lowest
detectable mass. It was assumed that the lowesttdbte mass should have a sublimation

step equal to three times the noise level.

RDX PETN CL-20 | NC13.49
Mass (ng) 5 30 20 15.6
Sublimation step (°C) 0.0059 0.027 0.015 0.30
Noise (°C) 0.0009 0.0003 | 0.0007 0.004
Lowest detectable mass (ng) 2.3 1.0 2.8 0.6

Table 1 Determination of the lowest mass expected to tetitc AC experiments at 20°C/min.
The lowest expected mass per active area of the XEN-3970 is determined here by

calculation as it is difficult to check experimdhtdor the low molecular weight explosives
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in the form of single crystals. However it is fddsifor nitrocellulose films the mass of which
can be controlled by the thickness of the deposiiieus. To verify our predictions for
nitrocellulose, we deposited NC13.49 films of diffiet thicknesses by spin-coating. The

nanocalorimetric curves for each of the prepared 39 films are presented on figure 3.
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Figure 3. Amplitude curves of spin-coated nitrocellulose @®8C49) films of different thicknesses
corresponding to modulated heating at 20 °C/min.

It can be seen that the steps in amplitude anchasg are decreasing while decreasing the
film thickness. However, the decomposition temperabf the nitrocellulose films does not
depend on the thickness. The masses of depositdddaoomposed nitrocellulose are
calculated with the equation explained in chapter 1

They are summarized in table 2.

Concentration of | Thickness Deposited | Decomposed | Percentage of
NC solution used | of NC film P P ge
) . mass (ng) mass (ng) decomposition
for spin-coating (nm)
25 mg/mL 250 15.59 12.65 81 %
10 mg/mL 200 1.35 1.03 76%
1 mg/mL 90 less than 1 ng

Table 2 Deposited and decomposed masses of spin-coatedatitilose films of several
thicknesses.

If one calculates the deposited masses accordinpedilm thickness, the values of the
masses will be smaller than the ones computed &quoation (1). This discrepancy can be
due to the membrane roughness (higher than wateghreess) and to the effect of wires
sputtered on the sensor which prevent the solgjweading during spin-coating. The mass of
the nitrocellulose film with a thickness of 90 n@anaot be determined precisely. According
to table 2 and to figure 3, the lowest mass of titeocellulose film detected by the

Nanocalorimeter is less than 1 ng per active afeheochip XEN-3970 (30 x 3m?2). This
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value is in good agreement with the expectation t@dfle 1). Besides, we observe that all
nitrocellulose is not decomposed after a heatingpraVe check this observation by coupling
the Nanocalorimeter with the AFM (cf. appendix 5.1)

5.2. Fast heating experiments by nanocalorimetry

Fast heating experiments are performed on RDX d&fibN\Pcrystals at a heating rate
of 2500°C/s (figure 4) on sensors XEN-3970.
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Figure 4. Nanocalorimetric curves of RDX and PETN correspogdo
thermal cycle at 2500°C/s.

The RDX crystal melts at 205°C and the PETN cryatal50°C as in the DSC experiments
described in chapter 4. The step in the heat cgpdae to the evaporation occurs at approx.
300°C for both energetic materials. According tdtimg enthalpy, RDX has a mass of 7.3 ng
and PETN has a mass of 35.1 ng. One can cleatipglissh RDX and PETN (cf. figure 4)

based on their difference in the melting tempegrtligure 5 presents a nanocalorimetric
curve of a CL-20 crystal measured at 1400°C/s BEM-3971 sensor. According to the mass

determination with AFM cantilever, the sample miask3.9 ng.
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Figure 5. Nanocalorimetric curve of CL-20 correspondinghertnal
cycle at 1400°C/s.

The polymorphic transitidnwhich is the transition frora phase ta phase occurs at 205°C as
it is the case of a DSC experiment. We observexathermic peak at 340°C attributed to the
decomposition of the CL-20 crystal. Contrary to RRKXd PETN crystals, the exothermic
peak of CL-20 decomposition is observable by naloocaetry. The low vapour pressure of
CL-20 compared to those of RDX and PETN can explaénfact that the decomposition peak
is observable for CL-20 and not for RDX and PETMuFe 6 shows nanocalorimetric curves

of nitrocellulose (NC13.49) films heated at 3505C7%30°C/s and 1430°C/s on a XEN-3972
sensor.
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Figure 6. Nanocalorimetric curves of NC13.49 spin-coateadil
corresponding to thermal cycle at 350°C/s, 710°CG#80°C/s.

The endothermic transition between 50°C and 24@°@&ttributed to evaporation of residual
acetone in the nitrocellulose films. The exotherm&ak, which occurs at 250°C, is the
decomposition peak of nitrocellulose. The curvesitda@ome back at zero after the

decomposition peak because there is still someaaliulose on the sensor after the heating
ramp.
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According to figures 4, 5, 6, it can be seen thet possible to differentiate each tested
explosives thanks to fast heating experiments:
- RDX and PETN crystals are distinguishable frome tithers explosives based on their
melting point and the step of evaporation, furthemntheir nanocalorimetric curves have no
exothermic peaks,
- CL-20 crystal has an endothermic peak attribtbetthe polymorphic transition at 205°C and
an important exothermic peak at higher temperature,
- Nitrocellulose films exhibit a decomposition peatkhigh temperature.

The lowest masses of each tested energetic mateted can detect through fast

heating experiments by nanocalorimetry are givetalite 3.

RDX | PETN| CL-20 | NC13.49
Mass (ng) 7.3 35.1 13.9 16
Melting or decomposition peak (°Q) 2.45 10(9 246 .646
Noise (°C) 0.028 | 0.025 0.020 0.021
Lowest detectable mass (ng) 0.2% 0.24 0.03 0.15

Table 3. Determination of the lowestetectablanass with fast heating experiments at
2500°C/min (for RDX and PETN) and 1400°C/min (fdr-€0 and NC13.49).

The height of the melting peaks are measured foX RIbd PETN, the height of the
decomposition peaks are measured for CL-20 and NO®1®ecomposition releases more
energy than melting absorbs, so the lowest massteet by nanocalorimetry corresponds to
energetic materials which exhibit a decompositi@akp in their nanocalorimetric curves.

Based on these considerations, one should be abtfietect a CL-20 crystal of only 30 pg

with a XEN-3971 sensor.

Table 4 gives the lowest mass of nitrocellulose BI@Q films which should be

detectable at three heating rates.

Heating rate (°C/s) 350 710 1430
Mass (ng) 15 18 16
Decomposition peak (°C) 2.8 4.4 6.64
Noise (°C) 0.026 0.022 0.021
Lowest detectable mass (ng) 0.42 0.27 0.15

Table 4. Determination of the lowest mass of nitrocellulds¢ectable by nanocalorimetry
at different heating rates.
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We observe in table 4 that the lowest mass coulckthece by nearly a factor 2 if the heating
rate is multiply by a factor 2. So the lowest makaitrocellulose which could be detected at
1,000,000 °C/s (the higher heating rate) shoul@,Beg.

Table 5 gives the lowest mass of tested explosmeish could be detected at the
higher heating rate reaches by the nanocalorimeted,000,000 °C/s. We assume that the
noise level is independent of the heating rateismdjual to 0.02°C.

RDX PETN CL-20

Lowest expected mass at given heating rate (ng 50.2 0.24 0.03
Heating rate (°C/s) 2500 2500 1400
Lowestdetectablemass at 1,000,000 °C/s (pg) 0.6 0.6 0.04

Table 5 Determination of the lowest mass of explosive detde by nanocalorimetry at 1
million °C/s.

According to these predictions, at a heating rdté onillion °C/s one should be successful in
detection energetic materials with mass in the mmd a few tenths of a picogranihe
lowest mass of CL-20 should be 40 femtograms.

5.3. Nanocalorimetry as compared to the existing detenti

methods

As mentioned in chapter 1, an explosives detedmnce must have a high detection
sensitivity (i.e., be able to detect very low ma$sa quick analysis time, be automated and
have a low cost. In the next section, we evaltla¢eadvantages and disadvantages of the
nanocalorimeter compared to the existing detectmgthods in terms of sensitivity,

selectivity, sample placement and time of analysis.

5.3.1. Sensitivity and analysis time

The explosives detection device developed by Thiuadd al. is able to detect 70 pg
(10*2 g) of TNT. It uses heated cantilever (see chapter
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The mass spectrometry is usually employed in disptr detect energetic materials,
the lowest mass detectable by such device is imathge to those developed by Thundat. The
limit of detection for TNT, RDX and PETN are abalit 5, 20 pg respectively, with the
analysis time on the order of a few seconds.

The best detection device developed nowada® XT has the same limit of
detection than dogs and is faster than dogs. Iltdmtect a few femtograms (10g) of
explosives in only 30s.

The lowest mass of explosive expected to be ddtiectay nanocalorimetry at 1
million °C/s is in the range of several hundredsfahtograms. The limit of detection by
nanocalorimetry depends on the particular energegiterial and on the heating rate: the limit
of detection is 40 fg for CL-20 and some hundrefisfemntograms for other energetic
materials such as PETN and RDX heated at 1 mifilofs, with the analysis time of a few
milliseconds. In reality, the analysis time is muchger if one takes in account the time of
the sample preparation (some minutes to one hdhg.sensitivity of the nanocalorimeter is
enhanced if the energetic material exhibits a dgummion peak. In order to reach a heating
rate of 1 million °C/s during a linear ramp, itngecessary to use nanocalorimetric sensors
with a small active area. The sample must haveod ¢ftermal contact between itself and the
membrane, otherwise it won’t generate any nanoecaédric signal, and the detection will
fail. So according to the predictions, the nanotadeter has a good sensitivity for the

explosives detection.

5.3.2. Detection selectivity

The differentiation of energetic materials by nalodmetry is possible at high
heating rates (DC experiments), otherwise the nadgeare sublimated during slower AC
experiments. The differentiation is possible thatkghe thermal transitions present in the
energetic materials during nanocalorimetric expenta. The materials do not exhibit the
same thermal behaviour in a nanocalorimeter thaa DSC. Indeed, we have shown that
PETN and RDX crystals are evaporated at high hgatiates whereas CL-20 and
nitrocellulose films are decomposed. Instead, irCOperiments in closed crucibles all of
these explosives are decomposed. It is thus negessdo screening of all explosives at the
same heating rate in order to be able to diffeatmteach explosive from its nanocalorimetric

curve.
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As shown on figure 4, one can distinguish PETN fieBX thanks to their different
melting temperature. The sample must be placedarcenter of the active area of the sensor,
otherwise the gradient on the sensor can shiftrtekting temperature of the tested energetic
material (see the measurements of the temperatagiegt in chapter 3). In the case of
unknown sample, an exothermic peak during a higliig ramp can prove that the sample is
an energetic material. If the material is evaparatsme cannot conclude if it is an energetic
material or not without a standard curve to compiarethe same conditions (heating rate and

atmosphere).

5.3.3. Sample preparation

In nanocalorimetry, the sample must be placedhéndenter of the active area of the
sensor, otherwise the temperature measurementsecanerror and the identification of the
material becomes impossible. This inconvenientlmatypassed by using sensor with a thin
aluminium coating which is used to homogenize thmperature on the sengoiThe
temperature homogeneity on the sensor can be athedkie an indium particle as presented
in chapter 2. The thermal contact between the sagpd the surface of the membrane must
be good enough to have a nanocalorimetric signahguanalysis. The nanocalorimetric
sensors used in this study can analyse only samglaid form. Another complication stems
from the fact that the sample must not move dumamglysis: all external disturbances
(electrostatic, air flow, wind) must be avoid aslives internal stress presents in the particle
(see the fast heating experiments with the tiniglarin chapter 3).

As for other detection devices, it is necessargume the energetic material particle

directly onto the center of the sensor membrane.
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5.4. Conclusions

At the present time, the Fido-XT device remains lieet method to detect energetic
materials. Actually, this device is sensitive (d¢tEn of a few femtograms), portable, easy to
manipulate and it can be fixed on a robot whicbasduct to the explosive device in order to
disarm it. The nanocalorimetry is one of the teghes which can be used in the future for the
explosives detection but some technical issues t@aw® solved. The membrane should be
modified to enhance the thermal contact between simple and the membrane. The
experiments on blends of nanoRDX/TNT have proven tiee nanocalorimeter can be used to

analyze nanopatrticles of energetic materials too.
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b, 5ummm17

Calorimetry is one of the main techniques of thdrarelysis. Most of physical or
chemical modifications of material are associateith whermal effects whereby heat is
absorbed (i.e., endothermic phenomena such asnglelor released (i.e., exothermic
phenomena such as thermal decomposition). For grasitions, calorimetry allows
determining the associated thermodynamic and kin@@rameters and characteristic
temperatures.

Typically, calorimetric experiments are performedthw Differential Scanning
Calorimetry (DSC), which measures the heat fluxodsd or released by the sample
following the same temperature program as a referematerial. In these experiments,
measurements are typically carried out on a fewigraims of sample. However, for many
applications one has to handle nanograms or eveogmms of sample. One of such
applications is relevant to studies of materialacwhcan release a significant amount of
energy during their decomposition (energetic malgyi The release of energy is obtained by
mechanisms of intra-molecular oxido-reduction. &iéint treatments can trigger this release
such as heating the materials to the decomposi¢éioperature, impact, friction. Moreover,
calorimetry able to handle nanograms of sampledctint potential applications in the field
of explosives detectioNanocalorimetry allows to heat small amounts of spia (a few
nanograms to a few hundred picograms) at extremetirey rates, i.e. up to one million
°Cls.

The temperature increase can initiate several phena in energetic materials, therefore
the calorimetry could be an appropriate techniqueharacterize and to detect energetic
materials. The energetic materials used in this study are ottellulose (NC), hexogen
(RDX), 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaispwurtzitane (CL-20) and penthrite
(PETN).

The manuscript presents our results onrtaeocalorimeter calibration on the thermal
behaviour of theexplosivesstudied with nanocalorimetryand also includes an evaluatioh
nanocalorimetry as a tool for explosives detection

Chapter 3 is focused on establishing tpeocedure to calibrate the calorimetric sensors

which is an essential step for calorimetric measer@s. The calibration we propose contains
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five steps. First, we calibrate the temperaturéhefheater resistances, then we determine the
dependence of the heater voltage on its temperaflne internal thermopile sensitivity is
then calibrated by heating the sensor with a haatastance, and the heater temperature is
linked to the voltage on the thermopile. The AC &mge correction function is eventually
determined. Eventually, the calibration is croseaited with melting temperatures of indium
and zinc microparticleslhe originality of the temperature calibration predure resides in
the use of the melting temperature of metallic nograrticles (In and Zn) to cross-check the
temperature measured by the Nanocalorimetdris is done for heating ramps in AC
modulation (slow heating ramps) and for DC rampfast-heating rates. Usually, an external
thermocouple is placed approx. 1 cm away from teasurement area, which could introduce
a significant error if there is a temperature geatlibetween the external thermocouple and
the elements of the active area (e.g., heaterstaeses, thermopiles). Positioning of a
metallic microparticle in the center of the actauea allows circumventing this problem. An
example of the calibration procedure is done withXBN-3972 sensor which has a
measurement area of 100x1@92. The calibration depends on the membrane siembrane
type (the membrane can be fabricated e.g. from bgicon nitride or contain aluminium
coating) and the sensor batch.

The measurements of themperature gradientare also performed with a help of an
indium microparticle placed on a XEN-3972 sensatiya area of 100 x 10Qm?3). The
particle is used as a temperature probthe onset melting temperature of the particle is
evaluated for different places on the sensor mengbrdVe observe that the melting
temperature of the indium particle measured byNaeocalorimeter changes with its position
on the membrane and that theelting enthalpy is independent of its positioon the
membrane. A strong temperature gradient existhenrmembrane at distances aboveu0
from the center. It is steeper along the vertiga ¢han along the horizontal one.

To improve the quality of the linear heating rangbshigh heating rates we propose an
iterative method based on the principle of a PIBn&ally, aPID regulator allows adjusting
the measurement signal relative to the programméghal. The error signal here is defined
as the difference between the two signals. The frétjulator can undertake three actions to
minimize the error signal: proportional action (tkeor signal is multiplied by a respective
gain), integral action (the error signal is inteégchwith respect to time, then it is multiplied
by a respective gain), differential action (theoersignal is first differentiated with respect to

time, then it is multiplied by a respective gailm)this work, theproportional actionis found
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sufficient for refining the linear heating ramps hagh heating rates. An example of such
refinement is given for sensor XEN-3970.

To perform quantitative calorimetric measurements,weigh unknown particles using
the resonant frequency of tipless AFM cantileveBefore the mass determination, the spring
constant of the cantilever has to be determineld prigcision. Chapter 2 gives an overview of
the different methods designed to measure the gmomstants (the Cleveland method, the
Sader method, the reference lever method of spramgtant calibration, the thermal noise
method). We propose the Nanocalorimeter as a n@&rignental tool for the calibration of
cantilever spring constant. In particular, the Nzalorimeter presents several advantages
compared to other methods. Thus it is free frometamties on the object size, it is not
limited by the sampling rate as it is the casehefthermal noise method, it is not dependent
on the laser optical sensitivity, and does notesuffom problems due to stick-slip phenomena
as it is the case of the reference lever methogefixentally, indium particles of different
size are placed successively on a sensor. Thenaséast-heating experiments are performed
in order to melt the indium particle and to deterenits mass through its melting enthalpy.

The cantilever spring constant corresponds to tbpesof the line representing the added

mass on the cantilever as a function—efl—z. Once the determination of the cantilever

(27z.f)

spring constant is completed, the unknown partejg@aced on the cantilever, and its mass is

measured using the following equation= k(%—%} where k is the cantilever spring
constant is the angular frequency of the cantilever loadeth the particle, andy is the
angular frequency of the unloaded cantilevdre precision of this method is about 3%, the
main error comes from the melting enthalpy deterration of the indium patrticle.

Chapter 4 presents our nanocalorimetry data on explosivearicystals which are
RDX, PETN and CL-20 Someblends of nanoRDX / TNTare also studied. In the first part of
the chapter, DSC analysis is performed on RDX a@a@NPto determine the activation energy
of decomposition. According to the experiments,abtvation energy of RDX decomposition
is 90 = 12 kJ/mol. In the literature, the experita¢@and theoretical activation energy of RDX
is in the range of 96 to 219 kJ/mol. The activagmergy of PETN decomposition is 181 + 14
kJ/mol (in the literature, it is in the range of218to 197.5 kJ/mol). Therefore our values for
PETN is in good agreement with the literature. Agible discrepancy for activation energy

of RDX can be explained by several reasons suchea®DX density, the competition with

167



General conclusions / Summary

evaporation and the decomposition of the gaseouX.RIhe wide range of value of
decomposition activation energy can also be expthiny kinetic compensation effects. The
kinetic compensation effect is the correlation gfaith the pre-factor A. When gncreases,
the reaction rate is not necessarily decreasingusecA can increase to compensate foSb

the activation energy of RDX decomposition is stjign dependent on the sample
characteristics (i.e., sample mass, particle figating rate, self-heating of the sample) and on
the experimental conditions (i.e., characterist€she surrounding atmosphere, shape and
material of construction of the sample holder).

The second part of the chapter is focused ostidimation and evaporation of RDX
and PETN microcrystals on the nanocalorimetric chipDuring quasi-isothermal
experiments, we observe that the crystal size )KRDPETN decreases and some patrticles
appear around the measurement area. At the erigk @ixperiment, there is no crystal in the
center anymore. Instead there is a significant arnof particles around the measurement
area. The AC amplitude increases during the ispth8y comparing the optical micrographs
and the nanocalorimetric curves, we assign thegdhamthe AC amplitude to a progressive
removal of the crystal from the center of the measient area. Transmitted polarized light
and Raman analysis confirm that the particles datie active area are sublimated RDX and
PETN. The sublimation ofe-RDX leads to its recrystallisation intg-RDX on cold parts of
the chip. By contrast, the sublimated and subsedqiemnrecrystallized PETN does not
change the phaselhe activation energy o&-RDX sublimation is 100 £ 10 kJ/mol and the
activation energy of PETN sublimation is 173 + 13/knol. The principal possibility of
studying evaporation of PETN and RDX is also sholmmportantly, the RDX and PETN
crystals are not decomposed during fast heatingpsaon the nanocalorimetric chip whereas
these energetic materials are decomposed duringdRf€iments.

In the third part of the chapter, we charactena@oRDX/TNT blendswhich were
synthesized by a process of nanocrystallizatioergat by ISL. This process uses ultrasonic
waves to generate an aerosol of small droplet®lgest/explosive. After evaporation of the
solvent in an oven, the particles are reduced \atréll precipitation. SEM micrographs of
RDX and TNT used before the process allow identdythe different components of the final
blend. The thermal behaviour of the blends shows a diffetdoehaviour when studied by
DSC or the nanocalorimetric chipOn DSC curves, the melting peak of RDX is hidden o
impeded by the decomposition peak which occursO8°Q whereaghe nanocalorimetric
curves do not show the decomposition peak. Instehe, melting peak of RDX is clearly

visible. The melting of RDX in the blends obtained aftenmaystallization occurs at lower
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temperatures than in the initial RDX. The deprassibthe RDX melting peak supports the
presence of nanoRDX in the blend.

The last part of the chapter is dedicated to studieCL-20. The evidence of its
sublimation is also obtained using transmitted poéal light microscopy coupled to the
nanocalorimeter. The intense exothermic peak qooreding to the CL-20 decomposition is
clearly visible on nanocalorimetric curves. Thehatpy of this peak prompts us thinking that
the nanocalorimeter chip has a potential in detgdtie traces of CL-20.

Chapter 5 describes theperspectives of detection of energetic materials by
nanocalorimetry.In this chapter, we evaluate the lowest detectaidss of explosives and
the possibility to perform selective detection.

Heating ramps at 20°C/min in AC modulation (freqeye = 75 Hz, amplitude = 0.1
mA, offset = 0.3 mA) show that RDX, PETN and CL+®@crocrystals undergo sublimation.
RDX and PETN are sublimated at the same temperdtecause they have similar vapour
pressures. Nitrocellulose films of different gradkgposited on a XEN-3970 sensor do not
show differences between them, which could be ebsée by nanocalorimetry.

The lowest detectable mass in AC experiments atlC2@fin is 2.3 ng for RDX, 1.0 ng for
PETN, 2.8 ng for CL-20, 0.6 ng for nitrocellulose.

In the DC mode (fast heating experiments) one diffarentiate between RDX and
PETN based on the difference in the melting tentpega The nanocalorimetric curve of CL-
20 presents an endothermic peak at 205 °C attdiioténe transition from phase ta phase,
the exothermic peak at 340 °C is assigned to the @decomposition. The nanocalorimetric
curves of nitrocellulose films show an endotherpgak between 50°C and 240°C which is
attributed to evaporation of residual acetone. @aeomposition of nitrocellulose occurs at
250°C. According to these observationigs possible to differentiate each tested explesi
thanks to their characteristic thermal transitionduring fast heating experiments.
Furthermore, the nanocalorimeter should be abldetect in the same conditions 250 pg of
RDX, 240 pg of PETN, 30 pg of CL-20 and 150 pg aC18.49.By extrapolation at a
heating rate of one million °C/s, we should be alitedetect 0.6 pg of RDX, 0.6 pg of PETN,
0.04 pg of CL-20 and 0.2 pg of NC13.4%herefore the nanocalorimetry hasgaod
sensitivity compared to other detection devices if we extraeobur measurements at one
million °C/s. For comparison, the best detectiowvicke developed nowadays (Fido XT)
having the same limit of detection as dogs canadetéew femtograms (18 g) of explosives
in only 30s.
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General conclusions / Summary

In terms of detection selectivity the differentiation of energetic materials by
nanocalorimetry is possible at high heating ral2S experiments), otherwise the materials
are sublimated during slower AC experimeritee differentiation is possible based on the
thermal transitions present in the energetic mats, so it is necessary to make a thermal
database of the existing explosives in order toabke to identify them. In the case of
unknown explosives, an exothermic peak detecteshglar high heating ramp could indicate
that the sample is an energetic material.

In terms ofsample preparationthe nanocalorimetry presents a technical difficin
the sense that the sample must be placed in therceinthe active area of the sensor. The
nanocalorimetric sensors used in this study carys@meonly samples in the solid state.
Another complication stems from the fact that tample must not move during analysis: all
external disturbances (electrostatic, air flow, dyimust be avoid as well as internal stress
presents in the particle

At the present time, the Fido-XT device remains biest tool to detect energetic
materials. Actually, this device is sensitive (d¢étEn of a few femtograms), portable, easy to
manipulate and it can be fixed on a robot whicbasduct to the explosive device in order to
disarm it.The nanocalorimetry is one of the techniques whican be used in the future for
the explosives detection but some technical issu@ge to be solvedlhe membrane should
be modified to enhance the thermal contact betwbensample and the membrane. The
experiments on blends of nanoRDX/TNT have proven tiee nanocalorimeter can be used to

analyse nanopatrticles of energetic materials ak wel
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7. Résumé

Un nanocalorimétre permet I'analyse thermique de taibles quantités d’échantillons
(quelgues nanogrammes ou quelques centaines dgramcmes), ainsi que I'étude de films
minces dont I'épaisseur varie de quelques nanometrplus d’'un micron. Les vitesses de
chauffe et de refroidissement sont nettement giexgés que celles réalisées avec une DSC
classique :les vitesses de chauffe peuvent atteindre® 2010 K/s. Par conséquent, les
mesures réalisées avec ce type d’appareil sontapdes (quelques millisecondes). Du fait
de sa sensibilité élevée, des vitesses de chayifdas atteintes et de I'acquisition rapide des
données, le nanocalorimetre peut-étre utilisé plaulcaractérisation et la détection de
guelques nanogrammede matériaux énergétiques.

Les objectifs de cette these sont d’'une part dereneiu point une procédure de
calibration des capteurs nanocalorimétriques (c#itn de la température, de la puissance,
de la masse du microcristal a analyser) et d'apte de caractériser des matériaux
énergétiques afin de pouvoir effectuer des analgsastitatives en vue d’applications pour la
détection d’explosifs. Les matériaux énergétiquadiés sontles films de nitrocellulose, des
cristaux de penthrite, d’hexogene (principal consiant du C4), de 2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane (Cl20), et dasaicristaux d’explosifs

Le travail réalisé a montré qu'’il est possible d&cencier rapidement des explosifs
par leurs températures de fusion, de décomposgitiati€évaporation. Il est aussi possible de
déterminer degparametres cinétiques d'un cristal isolé d’explasife nanocalorimétre a
aussi permis dealibrer la constante de raideur des leviers AFMilisés pour déterminer la
masse de microcristaux d’explosifs.

Le chapitre 3 présente uneprocédure originale pour calibrer les capteurs
nanocalorimétriques La calibration est une étape primordiale pouugaspouvoir effectuer
des mesures nanocalorimétriques. La calibrationrgues proposons comporte cing étapes.
Premierement, nous calibrons la température destagdses chauffantes, ensuite nous
déterminons la dépendance de la tension de laadses chauffante sur sa température. La
sensibilité de la thermopile interne est ensuitibide en chauffant le capteur avec les
résistances chauffantes, puis la température desistance chauffante est reliée a la tension

sur la thermopile. Pour finir, la calibration egriiée en faisant fondre des microparticules
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d’'indium et de zinc au centre de la membrdneriginalité de cette procédure de calibration
réside dans l'utilisation de la température de fosi de microparticules métalliques (indium
et zinc) pour vérifier la température mesurée parmanocalorimeétre Cette vérification est
réalisée en effectuant des rampes en températ@@G@min et a des vitesses de chauffe
élevées. Habituellement, un thermocouple exterteplesé a environ 1 cm de l'aire de
mesures, ce qui peut introduire une erreur sigtifte s'il y a un gradient de température
entre le thermocouple externe et les éléments aee 'de mesure (i .e. les résistances
chauffantes et les thermocouples). Le placememideoparticules métalliques au centre de
l'aire de mesure permet de contourner ce probléowe.exemple de la procédure de
calibration est faite sur un capteur XEN-3972 quna aire de mesure de 100 x 106?. Les
parametres de calibration dépendent de la tailla deembrane, du type de membrane utilisée
(uniguement en nitrure de silicium ou avec un filnmce d’aluminium) et du lot de capteur.

Le gradient thermiqueest mesuré en placant une microparticule d’indsum un
capteur XEN-3972 (aire de la zone de mesure = 1000um?2). La particule est utilisée
comme une sonde thermiquela température onset de fusion de la particsterelevée a
chaque endroit de la particule sur la membranesitservons d’une part que la température
de fusion de la particule change en fonction daplcement de la particule sur la membrane
et d’autre part quBenthalpie de fusion est indépendante de la pasitide la particule sur la
membrane.Un important gradient thermique existe sur la memé a une distance de 2®
du centre. Le gradient thermique est plus importmion I'axe vertical que selon I'axe
horizontal.

Afin d’améliorer la qualité des rampes linéaires a vises de chauffe élevéesous
proposons une méthode basée sur le PID. De magéereraleun régulateur PID permet
d’ajuster le signal mesuré par rapport au signal amnsigne Dans notre cas, le signal
d’erreur est défini comme la différence entre lesnd signaux. Le régulateur PID peut
effectuer trois actions pour minimiser le signardeur : une action proportionnelle (le signal
d’erreur est multiplié par un gain), une actiorégrale (le signal d’erreur est tout d’abord
intégré en fonction du temps puis il est multigligr un gain), une action différentielle (le
signal d’erreur est d’abord dérivé en fonction elonps puis il est multiplié par un gain). Dans
ce travail, 'action proportionnelle est suffisapi@ur obtenir des rampes linéaires aux vitesses
de chauffe élevées employées. Cette méthode estréé par un exemple sur un capteur
XEN-3970.

Pour effectuer des mesures calorimétriques quawnéisa les particules inconnues

sont pesées avec un levier AFM dépourvu de poiteant de déterminer la masse de la
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particule, la constante de raideur du levier doi ééterminée avec précision. Le chapitre 2
donne une vue d’ensemble des différentes méthddisges pour déterminer la constante de
raideur d’'un levier AFM (méthode de Cleveland, noélih de Sader, méthode utilisant des
leviers de référence, méthode du bruit thermiqid®ns ce chapitre, nous proposons le
nanocalorimetre comme un nouvel outil expérimeptalr la calibration de la constante de
raideur d'un levier. Le nanocalorimétre présentgsigiurs avantages par rapport aux autres
méthodes : les imprécisions sur la taille de I'bbje sont pas prises en compte, il N’y a pas de
limite de la fréequence d’échantillonnage comme tclescas dans la méthode du bruit
thermique, la mesure est indépendante de la skigsiptique du laser, et il N’y a pas de
probléme relatif au phénomeéne de stick-slip comiastde cas dans la méthode des leviers
de référence. Expérimentalement, des particulesglidim de différentes tailles sont placées
successivement sur le capteur nanocalorimétrignsuike, plusieurs chauffes rapides sont
effectuées afin de fondre la particule d’'indiumdéén déterminer la masse a partir de

I'enthalpie de fusion de la particule. La constateegaideur du levier correspond a la pente de

la droite représentant la masse ajoutée sur lerlevi fonction de—z. Une fois que la

(2.77.1)

détermination de la constante de raideur du lesefaite, la particule inconnue est placée sur

1

le levier et sa masse est mesurée en utilisantd®on m = k.(;— j ou k représente la

w@?
constante de raideur du levier,est la frequence angulaire de résonnance du lehigmgé
avec la particule ety est la fréquence angulaire de résonance du lemierchargéla
précision de cette méthode est d’environ 3%, lanpipale source d’erreur vient de la
détermination de I'enthalpie de fusion de la panie d’indium.

Le chapitre 4 présente nos résultats sur les expériences namoeélriques
effectuées sur des microcristaux d’explosifsRI2X, PETN et CL-20 Des mélanges de
nanoRDX/TNT sont aussi étudiés par nanocalorimétrie.

Dans la premiere partie de ce chapitre, des arelpSE sont effectuées sur RDX et
PETN pour déterminer leur énergie d’activation decamposition. D’apres les mesures,
I'énergie d’activation de décomposition du RDX éet90 + 12 kJ/mol. Dans la littérature, les
valeurs expérimentales et théoriques de I'énergietidation de décomposition du RDX sont
comprises entre 96 et 219 kJ/mol. L’énergie d'atton de décomposition de PETN est de
181 £ 14 kJ/mol (dans la littérature, la valeur@snprise entre 132.7 et 197.5 kJ/mol). Notre
valeur pour PETN est donc en accord avec la litiéea Les différences dans les valeurs
d’énergies d’activation de décomposition du RDXymi étre dues a la densité du RDX, a la
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compétition existante entre I'évaporation et laahdposition du RDX gazeux. La grande
plage de donnée des valeurs d’énergie d’activateodécomposition du RDX peut aussi étre
expliqué par des effets cinétiques de compensatieffet cinétique de compensation est le
fait qu'il existe un grand nombre de paires-EINA dépendant de beaucoup de conditions.
Lorsque I'énergie d’activation augmente, le tauxrélection ne décroit pas forcément car le
pré-facteur A augmente pour compenser I'énergietivation. L'énergie d’activation de
décomposition du RDX d'un coupleaE InA dépend fortement des caractéristiques de
I'échantillon (masse de I'’échantillon, taille derfpaule, vitesse de chauffe, auto-échauffement
de [I'échantillon) et des conditions expérimental@aractéristiques de I'atmosphere
environnant, forme et matériau de construction altiepéchantillon).

La deuxiéeme partie portsur la mise en évidence de la sublimation et de
I'évaporation des microcristaux de RDX et de PETNrde capteur nanocalorimétrique
Lors d’expériences guasi-isothermes, nous obsergoada taille du cristal (RDX ou PETN)
décroit et que des particules apparaissent autollaide de mesure. A la fin de I'expérience,
il N’y a plus de cristal au centre de la membraependant beaucoup de particules se trouvent
autour de I'aire de mesure. La courbe d’amplituoleespondante a I'expérience augmente au
cours de l'isotherme. En comparant les images derosgopie optique avec la courbe
nanocalorimétrique, le changement de l'amplitudeutpétre attribué a la disparition
progressive du cristal au centre de la membrans.ilcages en lumiere polarisée et les
analyses Raman confirment que les particules &fi@ur de I'aire de mesure sont du RDX et
de la PETN sublimés. De pluspus observons d’'une part que la sublimation ddRDX
conduit a la cristallisation dug-RDX sur les zones froides du capteur ; d’autre pala
PETN sublimée n’a pas changé de phas&nergie d’activation de sublimation da-RDX
est de 100 + 10 kJ/mol et I'énergie d’activation dablimation de PETN est de 173 £ 15
kJ/mol. L’évaporation de PETN et RDX est aussi mise erewe. Une tentative de la
détermination de I'énergie d’activation d’évapovatidu RDX est présentée. Les cristaux de
RDX et PETN ne sont pas décomposés pendant lesfebaapides faites sur les capteurs
nanocalorimétriques cependant ces matériaux émgugétsont décomposés en DSC.

Dans la troisieme partie, desélanges nanoRDX/TNTsont caractérisés. Ces
mélanges ont été synthétisés par un procédé decmstabisation breveté par I'ISL. Ce
procédé génere par ondes ultrasoniques un aérespktites gouttes de solvant/explosifs.
Aprés évaporation du solvant dans un four, lesquaels sont précipitées. Les images MEB
du RDX et du TNT utilisés avant le procédé perrmettiidentifier les différents composants

des patrticules obtenues a la fin du procégécomportement thermique de ces particules est
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différent en DSC gu’en nanocalorimétrieSur les courbes DSC, le point de fusion du RDX
est caché par le pic de décomposition du mélangea ¢jgu a 200°C alors ques courbes
nanocalorimétriques du mélange ne présentent paspite de décomposition, la fusion du
RDX est clairement visibld.a fusion de RDX dans les mélanges obtenus apneotédé de
nanocristallisation a lieu a des températures fasses que celle du micro RDX. La
dépression du point de fusion du RDX dans les ngélarest une preuve de la présence de
nanoRDX.

La derniére partie de ce chapitre est dédiée ad&tuCL-20. La mise en évidence de
la sublimation du CL-20 est aussi faite par micopse en lumiere polarisée. L'important pic
exothermique correspondant a la décomposition de2Clest clairement visible sur les
courbes nanocalorimétriques. L'importance du piontreo que le nanocalorimétre pourrait
détecter une masse de CL-20 beaucoup plus faible.

Le chapitre 5 présente Ipgrspectives dans la détection de matériaux éneggés
par nanocalorimétrie Dans ce chapitre, il est essentiel de détermimenasse minimale
d’explosif que I'on peut détecter et de trouvemumyen de différencier chaque explosif testé.

Des chauffes en modulation a 20°C/min montrent lggemicrocristaux de RDX,
PETN, CL-20 sont sublimés. RDX et PETN sont subiirada méme température car ils ont
des pressions de vapeur similairBsns ces conditions, la détermination de leur énierg
d’activation de sublimation est le seul moyen de thfférencier Des films de nitrocellulose
de difféerents grades sont déposés sur des cap¥tis3970, il n’y a pas de différence
observable en nanocalorimétrie entre ces troisegthd masse minimale d’explosif que I'on
pourrait détecter a 20°C/min est de 2.3 ng poulRBX, 1 ng pour PETN, 2.8 ng pour CL-
20 et 0.6 ng pour la nitrocellulose.

Des expériences a des vitesses de chauffe élevpefages sur les mémes matériaux
énergétiques. La vitesse de chauffe est de 250@lisRDX et PETN, 1400°C/s pour CL-
20 et 350°C/s, 710°C/s, 1430°C/s pour les filmsitiocellulose de grade NC13.49. D’aprés
les expériences, nous pouvons différencier RDXEENP grace a leur température de fusion.
La courbe nanocalorimétrique de CL-20 présenteicmrempdothermique a 205°C attribué a la
transition de la phase a la phasey, le pic exothermique a 340°C correspond a la
décomposition de CL-20. La courbe nanocalorimégides films de nitrocellulose montre un
pic endothermique entre 50°C et 240°C qui estoaifria I'évaporation de I'acétone résiduelle
dans le film de nitrocellulose. Le pic de décomposi a lieu a 250°C. D’aprés ces
observations,l est possible de différencier les explosifs tesggrace a leur transitions

thermiques caractéristiques lors des chauffes a dedesses rapidesDe plus, le
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nanocalorimetre devrait étre capable de détectes s mémes conditions 250 pg de RDX,
240 pg de PETN, 30 pg de CL-20 et 150 pg de NC1EA%extrapolant & une vitesse de
chauffe de 1 000 000 °C/s, nous devrions étre cdpale détecter 0.6 pg de RDX, 0.6 pg de
PETN, 0.04 pg de CL-20 et 0.2 pg de NC13.49.

En terme desensibilité la nanocalorimétrie possedee bonne sensibilitcomparée
aux autres techniques si nous extrapolons nostaésal une vitesse de chauffe d’un million
de °C/s. Cependant, le meilleur appareil de déteatiexplosifs développé jusqu’a présent
(Fido XT) a la méme limite de détection que le nhet est plus rapide que le chien. Cet
appareil peut détecter quelques femtogramme&°@)0d’explosifs en seulement 30s.

En terme de sélectivit¢ la différentiation des matériaux énergétiqgues par
nanocalorimétrie est possible a des vitesses daffesaélevées (DC mode), sinon les
explosifs sont sublimés pendant les expériencenaie AC.La différentiation est possible
grace aux transitions thermiques présentes dans esatériaux énergétiques pendant les
expériences de nanocalorimétrig,est donc nécessaire d’effectuer un screenisgedplosifs
existants pour pouvoir les différencier par lasu@ans le cas d’'un échantillon inconnu, un
pic trés exothermique lors d’une chauffe a vitedsgée peut prouver que I'échantillon est un
explosif.

En terme depréparation d’échantillon I'échantillon doit étre placé au centre de la
membrane. Le capteur nanocalorimétrique utilisé& datte étude peut analyser seulement des
échantillons sous forme solide. Une autre diffiéwient du fait que I'échantillon ne doit pas
bouger pendant I'analyse : toutes les perturbatexternes (électrostatique, flux d’air, vent)
doivent étre évité aussi bien que les contraimtesries présentes dans la particule.

Pour le moment, I'appareil Fido-XT reste la meilleuméthode pour la détection de
matériaux énergétiques. En effet, c’est un apparslt une sensibilité élevée (détection de
guelques femtogrammes), portable, facile a manipetiel peut étre fixé sur un robot pour
pouvoir désarmer des engins explodifs.nanocalorimétrie est une des techniques pouvant
étre utilisée dans le futur pour la détection d’'degifs mais des problémes techniques
doivent étre résolusles expériences sur les mélanges de nanoRDX/TNpranivé que le
nanocalorimetre peut étre utilisé pour analysersiages nanoparticules de matériaux

énergeétiques.
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Appendices

8.1. APPENDICES TO CHAPTER 2

8.1.1. APPENDIX 2.1. DSC curves of RDX in closed crucibles
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Heat flow (W/g)
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Figure 1. DSC curves of RDX at 1°C/min, 2°C/min and 4°C/min.

Heating rate Tmeting | Melting enthalpy| Tgecomposiion | Decomposition enthalp)
(°C/min) (°C) (J/g) (C) (J/g)
1 203.9 92.98 205.2 4688
2 204.6 95.96 207.5 4775
4 204.7 97.72 208.7 5041

Table 1. Melting and decomposition data of RDX.

8.1.2. APPENDIX 2.2. DSC curves of PETN in closed crucible
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Figure 2. DSC curves of PETN at 1°C/min, 2°C/min and 4°C/min

Heating rate Tmeting | Melting enthalpy| Tgecomposition | Decomposition enthalp)
(°C/min) (°C) (J/g) (°C) (J/g)
1 140.5 154.22 171 3838
2 140.8 164.56 179 3840
4 141 152.61 184 3750

Table 2. Data on melting and decomposition of PETN.
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8.1.3. APPENDIX 2.3. DSC curves of CL-20 in closed cruciisl
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Figure 3. DSC curves of CL-20 at 1°C/min, 2°C/min, 5°C/m®;C/min and 20°C/min.

Heating rate (°C/min) Tgecomposito (°C) | Decomposition enthalpy (J/d)
1 200 2707
2 205 2575
5 216 4542
10 225 1480
20 231 1200

Table 3.Decomposition temperature and enthalpy of CL-20.

8.1.4. APPENDIX 2.4. DSC analysis of nitrocellulose in ded crucibles
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Figure 4. DSC curves of the three grades of nitrocellulogasared at 10°C/min.

Nitrocellulose| T gecompositio (°C) | Decomposition enthalpy (J/¢)
NC 11,9 % 192.1 1767
NC 12,5 % 193.6 1518

NC 13,49 % 195.5 2308

Table 4.Decomposition temperature and enthalpy of theethigocellulose grades.
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8.1.5. APPENDIX 2.5. Resonance curves of the used AFM davers

10%m

kHz

kHz
Figure 6. Resonant frequency of cantilevers E.

10%m

kHz
Figure 7. Resonant frequency of cantilevers D
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8.2. APPENDICES TO CHAPTER 3

8.2.1. APPENDIX 3.1. Two ways to measure the heater remise
The simple measurement of the resistance is tefstatic resistance” and is noted;TFor a

precise measurement of the heater resistance @itngrresistor circuit has been implemented
(cf figure 1). R is an external variable resistor angli&the internal heater of the sensor.

htr

R U: Une= U>-U;

RD;u D%
—

Figure 1. Trimming resistance scheme designed to measutenimeerature of the heater.

At the minimum temperature and minimum currept)(the user should set;Ralue equal to
R> (as Yy = 0). As the resistance of heater\Rll increase almost linearly with temperature
the value Ry = Uy / Inye Will be proportional to the heater temperature.

The second way to measure heater temperature tomsigerforming AC experiments. This
is done by applying a modulating current and meaguhe voltage signal on the,jJoutput.
The relation of the RMS amplitudes of voltage andent modulation is proportional to the

heater resistance, which is called dynamic anddhdig.
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8.2.2. APPENDIX 3.2. Circuitry of the sensor holder
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8.2.3. APPENDIX 3.3 Determination of the spring constandif several tipless

cantilevers

The following figures were used to compute the rgprgonstant of the cantilevers. On the

graphs, the parameter stands for the inverse of the effective mass ef ¢antilever in

nanogramsb is the spring constant of the cantilever irf N/m.
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Figure 2. Spring constant and effective mass for cantileer
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Figure 3. Spring constant and effective mass for cantil®ger
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Figure 4. Spring constant and effective mass for cantilé\et.
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Figure 5. Spring constant and effective mass for cantilé\akt.
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Figure 6. Spring constant and effective mass for cantilé\a#t.
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Figure 7. Spring constant and effective mass for cantildvt.
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Figure 8. Spring constant and effective mass for cantil@iét.
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Figure 9. Spring constant and effective mass for cantil@a#t.
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Figure 10. Spring constant and effective mass for cantil@@t.
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8.2.4. APPENDIX 3.4. Comparison of the different methodsmass
determination

The mass of an indium particle is determined byeéhmethods. The first one used the
frequencies of a tipless cantilever loaded withghgicle and of the same cantilever without
the particle. This method is used for unknown phati

The second and third ones are based on calorimme&asurements performed at high heating
rates: the particle mass is determined thankseaartélting enthalpy of the particle and thanks
to the heat capacity measurement of the particle.

13.99 + 2.80 ng

Frequency shift

mass of an In patrticle

7N

Melting enthalpy Heat capacity (C )

6 —— 3380 T/min (chauffe)
80x10 _ 3270 T/min (refroidissement)
150x10°°
P g 100+
g g Y —
= g
50

T T T T
150 200 250 300
Temperature (T)

T T T T T T T
50 100 150 200 250 300 350
Temperature (T)

13.20 £0.95 ng 11.41 £0.90 ng

We observe that the three methods are in good mgrgevith each other.
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8.3. APPENDIX TO CHAPTER 4

8.3.1. APPENDIX 4.1. Isoconversional methotf
Aim: determination of the activation energy for eachvassion of the reaction.

Assumption: a single-step kinetic equation (1) is applicabidyao a narrow temperature

region.

Lokie)

a is the conversion, T is the temperature) f§ the reaction model and t is the time.

The rate k(T) in (1) is replaced by the Arrhenigsi&ion:

da _ _E,
E—Aexp{ Rij(a) )

where A is the pre-exponential factog,i& the activation energy.

The isoconversional principle states that at a teori®xtent of conversion, the reaction rate is

only a function of temperature. According to thigpiple, eq. (2) becomes:

d In(d%t) & o
dT™ R

a

Experimentally, several experiments are performed$C by varying either the heating rates
or the isothermal temperature, in this way we @b@ata on varying rates at a constant
conversion. Thanks to this method, the kineticsaafomplex process can be separated in

several single-step kinetic equations.

The rearrangement of equation (2) leads to thevoilg equation:

In(%—?ja’i =In[A, f(a)]- RI%I:] (4)

a,i

Yvyazovkin, S.; Shirrazzuoli, N\Mlacromolecular rapid communicatio2§06 27, 1515 — 1532.
2 Vyazovkin, S.; Wight, C.AThermochimica Actd99Q 340 — 34153 — 68.
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Equation (4) is the foundation of tlkfferential isoconversional methodof Friedman, i is
the different heating rates. The Friedman metho@pplied to integral data, it requires
numerical differentiation of the experimentaversus T curves that results in quite noisy data
and, thus, unstable,Evalues. This problem is avoided by usiimgegral conversional
method.

The integration of equation (2) gives:

a

g(a) = j% = A.ex;{—%]t (5)

0
where g¢) is the integral form of the reaction model. Reagement of equation (5) gives eq.
(6):

“int.. =in| e |- &
Int, In{g(a)} RT (6)

The E, dependence is determined from isothermal runsopegd at different temperatures
Ti.

For nonisothermal conditions, the equation (7)sisd1

In(%] = const—i (7)

a,i a,i
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8.4. APPENDICES OF CHAPTER 5

8.4.1. APPENDIX 5.1. Nanocalorimeter — AFM

The combination of the Nanocalorimeter and Multim@d-M is presented on figure 1.

Figure 1. Nanocalorimeter coupled to AFM

The nanocalorimetric chip is placed in the AFM lasven on figure 2.

1495



Appendices

Cables of the
nanocalorimeter

Nanocalorimetric chip

External
thermocouple

Figure 2. Nanocalorimetric chip in the AFM.
To understand what happens with the nitrocellufdseduring a heating ramp, we performed
AFM images after nitrocellulose spin-coating depoai (figure 3), after heating ramp at
150°C (figure 4), 200°C (figure 5) and after decasipon of nitrocellulose (figure 6).
| ,_ 1.0 pm ] _DataZoom |

1 1
0.0 1: Height 12.0 pm 0.0 2: Phase 12.0 pm

Figure 3. Tapping mode AFM topographic and phase imagesNIE 83.49 spin-coated film at 25°C.
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Fa | Data Zoom | 90.0 °

1 1
0.0 1: Height 12.0 pm 0.0 2: Phase 12.0 pm

Figure 4. Tapping mode AFM topographic and phase imagesN{€ 83.49 spin-coated film at 150°C.

1000.0 nm

D ata Zoom | | Data 90.0 °

1 1
0.0 1: Height 12.0 pm 0.0 2: Phase 12.0 um

Figure 5. Tapping mode AFM topographic and phase imagesNiE 83.49 spin-coated film at 200°C.
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Ean | Data Zoom | 500.0 nm

Fan | Data Zoom | g0.0 °

1 T
0.0 1: Height 5.0 pm 0.0

1
2: Phase 5.0 pm

Figure 6. Tapping mode AFM topographic and phase imagessehaor membrane after
decomposition of NC13.49.

The AFM micrographs on figures 3, 4, 5 show that tiitrocellulose film morphology does
not change after heating ramp at 150°C and 200%G wiheating rate of 20°C/min. The
images of the membrane obtained after decomposificdiC13.49 (figure 6) show a residue

of the nitrocellulose decomposition on the surfatiee heating ramp was performed until
250°C.
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