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The construction and evaluation of a high pressure manifold
and vessels for a Calvet type microcalorimeter�
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Abstract

A Setaram C-80 calorimeter has been modified in order to measure the heat flow of energetic materials at pressures up to
69 MPa. A manifold and sample cells capable of operating at high pressure were designed, constructed and evaluated. This
paper will describe, in detail, the high pressure manifold construction, safety assessment and calibration. As well, the results
for initial trials with ammonium nitrate (AN), and pentaerythritol tetranitrate (PETN) at various pressures and heating rates
will be discussed.
© 2003 Published by Elsevier Science B.V.
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1. Introduction

Randzio [1] has recently reviewed developments
in calorimetry and, in particular, has described the
use of heat flow calorimetry (HFC) with pressure as
a variable in investigations of phase transitions. He
has outlined application of pressure studies to deter-
mination of characteristics of phase transitions and
has provided several specific examples. In evaluation
of the phase transitions of energetic materials (EM),
techniques other than HFC have generally been used.
For example, the phase behavior of ammonium nitrate
(AN) has been determined using X-ray[2], Raman
scattering[3] and DTA studies[4] at elevated pres-
sures and that for ammonium dinitramide[5] using
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a high-temperature, high-pressure diamond anvil cell
in conjunction with various spectroscopic techniques.

Reaction studies, using HFC, can be applied to
simultaneously obtain kinetic and thermodynamic in-
formation[1] and, in combination with pressure stud-
ies can be used to evaluate the effect of high pressure
on the decomposition behavior of EM, an important
safety consideration for manufacture, transport, stor-
age and use of these materials. Some early pressure
studies have led to the evaluation of the kinetics of
decomposition of EM. Brower[6] has investigated
the effect of pressure on the decomposition of AN
by means of a stainless steel reactor and evaluated
the activation volume�V‡ in the temperature range
for an expected change in mechanism of AN de-
composition. The effect of pressure on the thermal
decomposition of several EMs has been studied us-
ing a diamond anvil high pressure cell[7] and it was
shown that the rates of decomposition forβ HMX
and RDX decreased with increasing pressure while
that for nitromethane increased.
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This paper describes a system including high pres-
sure manifold and cells for use with a Tian-Calvet mi-
crocalorimeter (Setaram C-80). This system has been
specifically designed and constructed to allow for safe
determination of the thermal properties of EM at var-
ious pressures up to 69 MPa. The performance of the
C-80 in this environment has been determined and a
preliminary study of the system behavior has been un-
dertaken by experimental studies of the phase transi-
tions of AN and the decomposition of pentaerythritol
tetranitrate (PETN).

2. Experimental

2.1. Materials

Alumina (synthetic sapphire), indium and tin
(SRM) were purchased from the National Bureau
of Standards (NBS). Ammonium nitrate was ACS
reagent grade (Sigma) and was dried overnight in an
oven at 80◦C, then stored in a dessicator. Pentaery-
thritol tetranitrate, reported as better than 99 mass%
purity, was removed from “liteline” detonating cord
(Austin Powder Co.) and used directly.

2.2. Design and construction of the C-80 high
pressure manifold

Extensive modifications to our Setaram C-80
heat-flux calorimeter were necessary to allow the
study of the thermal decomposition of energetic ma-
terials at pressures up to 69 MPa. A picture of the
complete system is shown inFig. 1.

The Setaram C-80 consists of a massive aluminum
block, with two identical cylindrical cavities located
symmetrically about the center; a thermopile sur-
rounds each cavity. The design results in a sensitivity
to heat flow of about 10�W. This sensitivity, the abi-
lity to heat at very low heating ratesβ = 0.01–2.00◦C
min−1 and the ruggedness of the C-80 make it an
ideal candidate for high pressure applications.

All components of the high pressure manifold were
rated at > 69 MPa. Presently, a 41.3 MPa argon cylin-
der is being used as a pressure source and a maxi-
mum pressure of 33 MPa is being used. Following a
complete evaluation of the system, a pressure source
capable of reaching 69 MPa will be incorporated.

A 13 mm thick “Lexan” cage was constructed
around the apparatus, with an exhaust vent. This cage
protects the operator from mishaps and/or fumes.
Pressure sample/reference vessels are available from
Setaram, however, these vessels have a wall thickness
of 3.1 mm and are limited to a maximum pressure of
10 MPa. Therefore, high pressure sample/reference
vessels and transfer tubes were manufactured by our
machine shop. These vessels were made from 316
stainless steel with a wall thickness of 5.25 mm, and
a volume of 3.26 mL. The transfer tubes were con-
structed using 6 mm 316 stainless steel tubing with
a wall thickness of 2 mm capable of withstanding
a maximum pressure of 80 MPa. The vessels and
transfer tubes were connected with 6 mm “swagelok”
fittings using silver-coated front ferrules. This sys-
tem gave an excellent seal over 8–10 experiments,
at which point, a new fitting and ferrule could be
installed without replacing the entire transfer tube.
Fig. 2 shows details of the vessels and transfer tubes
designed and constructed at our facility. The transfer
tubes were connected to the high pressure manifold
using 3 mm o.d. × 1 mm i.d. tubing. This allowed a
“flexible” connection between the sample/reference
vessels and manifold without compromising the
pressure limits. A schematic for the high pressure
manifold is shown inFig. 3.

The total volume of the system (vessels, transfer
tubes plus the manifold) was calculated to be 28.3 mL.
All components of the manifold have maximum pres-
sure ratings greater than 69 MPa. As an added safety
precaution, air actuated valves (Autoclave Engineers)
were installed for the gas inlet, outlet and sample ves-
sel. These valves are controlled using solenoid valves
(Snap-Tite) connected to a control box with a long
cable to allow remote manipulation. Flushing and
pressurization of the manifold/vessels, can therefore
be carried out at a safe distance from the apparatus.
A pressure relief valve (Autoclave Engineers) set at
70 MPa was installed as a further safety precaution.

A series of pressure transducers with 4–20 mA out-
put (Setra Systems Inc.) were purchased to cover the
pressure range from 0 to 69 MPa. These transducers
can easily be interchanged to cover the pressure range
of interest. The pressure transducer was connected to
a digital panel meter (Alpha Control & Instruments).
In order to store the pressure data, the digital meter
was connected to a “Strawberry Tree” data shuttle
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Fig. 1. Photography of the pressure manifold attached to the C-80 heat-flux calorimeter.

(Dalimar Instruments Inc.) then to a computer uti-
lizing the “Workbench PC for Windows” software
(Adept Scientific). At the end of an experiment the
C-80 heat flow data and pressure data files were
combined using “Sigma-Plot” software (SPSS Inc.).

To protect the sample vessel from corrosion, alu-
mina liners (99.7 %) (Arklay S. Richards Co. Inc.)
were used. The liners were 6 mm o.d.×4 mm i.d. and
90 mm high. For very fine samples 6 mm o.d. extra
coarse (170–220�m) fritted discs were placed on top

of the sample liner to contain the sample during the
experiment.

A detailed operating procedure, and a safety assess-
ment were developed for the complete system before
any experimental work was started. Calculation of
the effects of overpressure in the system as well as
an evaluation of fragmentation hazards were carried
out as part of the safety assessment. The overpressure
likely to be generated if a sample of explosive were to
burn to completion in the C-80 while operating at high
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Fig. 2. Schematic of the high pressure cells and connections to
the manifold.

pressure was estimated. The example used for this cal-
culation was the rapid burning of 0.1 g of the explosive
HMX, where all of the heat generated goes to pressur-
izing the 69 MPa of argon initially in the system (an
extreme case). At the present time, we are limiting
the system to a maximum sample mass of 0.1 g of en-
ergetic material to a maximum temperature of 300◦C
(the upper temperature limit of the C-80). Under these
conditions, at a starting pressure of 69 MPa the calcu-
lations show that the overpressure from the reaction
would be 80 MPa. This is slightly above the 79.2 MPa
setting for the relief valve and within the limits of the
system.

Calculations were also carried out to ascertain the
fragmentation hazard of a failure of a part of the sys-
tem. The weakest point of the system was assumed
to be the 0.125 in. (0.3 cm) tubing between the vessel
and the manifold. Assuming that the largest fragment
would be a 10 cm half segment of this tubing, hav-

ing a mass of 2.4 g, and assuming that this fragment
would reach a velocity of the speed of sound in argon
(322 m s−1), then the kinetic energy would be 124 J.
The specifications of the Lexan cage state that it is
capable of withstanding these levels of forces.

The connection between the sample vessel and the
transfer tube is the most critical since it must be opened
and re-tightened for every run. It was difficult to main-
tain a leak-free connection for more than one or two
experiments with stainless steel front ferrules. Switch-
ing to silver-coated front ferrules gave a much better
and more durable seal. At that point, a whole new fit-
ting was installed. The “VCO” fittings between the
transfer tubes and 0.3 cm tubing to the manifold also
have to be opened and re-tightened for every run. How-
ever, this connection, which is not heated, could be
reused over many runs with only occasional replace-
ment of the “O” ring.

The system was leak tested, and calibration of the
temperature and heat flow was carried out. Baseline
experiments at various pressures, a repeatability study
and verification using indium were completed. Prelim-
inary studies with AN and PETN were then conducted.

2.3. Leak testing

The system was first pressurized to 3.4 MPa with
argon and monitored for leaks. Once the system was
leak tight the system was pressurized to 34.5 MPa and
monitored. This procedure was repeated until the sys-
tem was free of leaks. During the initial testing, leaks
developed at the fitting between the cell and transfer
tubes. With the silver-coated ferrules, a leak-free con-
nection could be maintained for eight or nine experi-
ments before needing replacement.

2.4. Calibration

The first step of calibration was verification of
the thermocouples. A 45 cm type K thermocouple
(Omega) was calibrated against a temperature cal-
ibrator (Fluke 701). This thermocouple was placed
in the sample well of the C-80. The instrument
was heated to 25◦C and held there for 2 h. Read-
ings of the block, furnace and sample thermocouple
were recorded at the end of the 2 h wait time. This
procedure was repeated at 100, 200, and 300◦C.
The differences between the block temperature
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Fig. 3. Schematic for the high pressure manifold.

and the corrected sample temperature values were
used as temperature correction factors in the C-80
software.

The results for the verification and calibration of
the C-80 thermocouples are shown inTable 1. The
sample temperature (T) correction is the difference be-
tween the block temperature and the sample temper-
ature measured by placing a calibrated thermocouple

Table 1
Verification and calibration of the C-80 thermocouples at the block, furnace and sample

ProgramT/◦C Block T/◦C FurnaceT/◦C SampleT/◦C SampleT/◦C correction

25 24.97 25.45 24.9 −0.07
100 98.86 99.99 99.6 +0.74
200 197.97 200.00 198.6 +0.63
300 297.12 300.00 297.9 +0.78

in the sample vessel well. These values were used to
adjust the C-80 temperature calibration for the new
high pressure sample/reference vessels.

Baseline experiments with empty vessels at
0.3◦C min−1 and 0.17 and 33.2 MPa argon were then
carried out, as well as a run with sapphire (4 g) at the
same heating rate and ambient pressure. The graph for
the baseline experiment at 33.2 MPa argon is shown
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Fig. 4. Baseline experiment at∼33 MPa argon.

in Fig. 4. The baseline drift over the temperature
range 100–300◦C was less than 4.0 mW.

The thermal mass of the new pressure cells is quite
high (140 g versus 75 g for standard cells), therefore
the system is probably not at equilibrium using a
heating rate of 0.3◦C min−1. Results of a repeatabil-
ity study using indium at 0.3◦C min−1 and 0.17 MPa
argon to verify the calibration of the high pressure
system are shown inTable 2. Three samples of indium
were run and the results compared. The onset tem-
perature values are too high and the enthalpy values
are low.

It was decided that the original Setaram factory cal-
ibration would be used and corrected using experi-
ments with indium and tin reference materials (SRM)
at five different heating rates and various pressures up
to about 30 MPa. These experiments were performed
as follows: 100 mg of indium was placed in an alu-

Table 2
Results for the repeatability of the onset temperatureTo and the
enthalpy of fusion�Hfus of indium reference material atβ =
0.3◦C min−1

To/◦C �Hfus/J g−1

159.05 26.2
158.88 26.4
159.21 26.3

Literature values, 156.6◦C and 28.7 J g−1.

mina liner, about 75 mg of alumina powder was placed
on top of the indium and 100 mg of tin was placed on
top of the alumina. In this way, both SRM materials
could be analyzed in one experiment. These materials
were run atβ = 0.1, 0.3, 0.5, 0.7, and 1.0◦C min−1

and various pressures up to about 32 MPa. The values
of the onset temperatureTo and the enthalpy of fusion,
�Hfus for both indium and tin at the five heating rates
andp = 0.17 MPa are given inTable 3.

The average heat of fusion, based on the five heat-
ing rates for each metal was used to calculate a factor
F using the equation:F = (true�Hfus)/(experimental

Table 3
Results for the onset temperatureTo and the enthalpy of fusion
�Hfus of indium and tin at different heating ratesβ

β/◦C min−1 To/◦C �Hfus/J g−1

Indium
1.0 163.2 25.0
0.7 161.4 26.0
0.5 159.9 27.7
0.3 158.7 26.1
0.1 157.2 26.1

Tin
1.0 238.6 53.0
0.7 236.6 53.9
0.5 235.2 55.4
0.3 233.9 57.3
0.1 232.3 55.6
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Fig. 5. Comparison of the heat flows for ammonium nitrate (AN) at various pressures of argon.

Table 4
Onset temperaturesTo and enthalpy changes�H for phase transitions of AN

Phase transition To/◦C �H/J g−1

This work Literature This work Literature

IV–III 42.1 43–51[9] 16.63± 0.40 16–20[9]
III–II 86.7 86.0 [9] 16.3a 15.5–16.8[9]
II–I 126.4 125.2[10] 55.53± 0.37 54.99± 0.30 [10]

a Pressure dependant.

Fig. 6. Heat flow for “conditioned” AN at 31.1 MPa argon.
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Fig. 7. Pressure dependence of the onset temperatureTo for AN IV–III phase transition.

�Hfus). The factors for the two metals were averaged
and each sensitivity coefficient was divided by the fac-
tor F, to determine new coefficients.

In the same way, the onset temperatures were used
to correct the temperature coefficients in the C-80
software. An experiment using indium and tin at
0.3◦C min−1 and 0.17 MPa argon was carried out to

Fig. 8. Pressure dependence of the onset temperatureTo and�H for AN III–II phase transition.

verify the temperature and heat flow calibration val-
ues. TheTo and �Hfus values for indium (156.7◦C
and 29.0 J g−1) were in good agreement with the liter-
ature values of 156.6◦C and 28.7 J g−1. Likewise, the
values for tin (231.8◦C and 60.1 J g−1) agreed well
with the literature values of 231.97◦C and 60.2 J g−1.
The large thermal mass of the high pressure cells was
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compensated for with the calibration technique de-
scribed above and the system was now ready for trials
with energetic materials. The pressure coefficients for
To and�Hfus of indium and tin were negligibly small
and were not used to correct for pressure effects on
the calibration.

3. Results and discussion

3.1. AN trials

As an initial test of the pressure manifold, a study
was undertaken to examine the effect of pressure on
the phase transitions of AN. Samples of 0.8 g dry AN
were heated from 28 to 150◦C at 0.3◦C min−1 atp =

Fig. 9. Pressure dependence of the onset temperatureTo for AN II–I phase transition.

Table 5
Regression coefficientsA and B for fit of Eq. (1) and comparison of values of�V from this work and those from literature

Phase transition A 102 B/MPa R2 102 �V/cm3 mol−1

This work [4]

IV–III (p > 15 MPa) 35.2± 1.1 41.1± 4.6 0.93 173± 18 164± 7

III–II 86.72 ± 0.17 −22.30± 0.77 0.99 −82.4 ± 3.3 −78 ± 9
17.39± 0.11 −5.31 ± 0.50 0.93

II–I 126.32± 0.02 9.06 ± 0.11 1.00 100.7± 1.2 88 ± 2

0.17, 15.8, 23.0, and 31.0 MPa of argon. An overlay
graph of representative experiments is shown inFig. 5.
Table 4comparesTo and�H for the phase transitions
IV–III, III–II and II–I, with those reported in the lit-
erature. Wide variation in the literature data, particu-
larly for the IV–III and III–II transitions, is a result of
different thermal history and moisture content of the
AN samples.

The AN IV–III and III–II phase transition peaks at
higher pressures were very irregular in shape, unlike
those at ambient pressure. These transitions are known
to be very slow because of the drastic crystallographic
changes occurring[8]. Hence, it was felt that an an-
nealing period would allow structural relaxation and a
sharper transition might occur. In order to test this idea,
a run of 0.8 g AN at 31.1 MPa of argon was carried
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Fig. 10. Comparison of the heat flows for PETN at various pressures of argon.

out with “conditioning” steps before the measurement
of the AN III to II phase transition as follows:

• heat at 0.3◦C min−1 to 78◦C;
• cool to 60◦C, heat at 0.3◦C min−1 to 110◦C.

The results of this experiment are shown inFig. 6.
As can be seen from this figure, the “conditioning”
produced a smooth and regular peak.

Fig. 11. Pressure and heating rate dependence of the onset temperatureTo of fusion for PETN.

The initial trials to examine the effect of pressure on
the phase transitions of AN showed substantial shifts
in the onset temperaturesTo of the transitions with
pressure (Fig. 5). Plots ofTo (and�H for the III–II
transition) versus pressurep are shown inFigs. 7–9,
andTable 5provides a summary of the results obtained
for fitting the equation:

X = A + Bp (1)
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Fig. 12. Pressure and heating rate dependence of the enthalpy�Hdecomp and peak temperatureTpeak for decomposition of PETN.

whereX = To/◦C and�H/J g−1 (III–II transition). As
well, the volume changes�V estimated from the pres-
sure dependence ofTo, using the Clausius–Clapeyron
equation, are included inTable 5and compared with
those values of�V determined from dTo/dp data
calculated from phase diagram information for AN
[4], obtained using a DTA apparatus at pressures up

Fig. 13. Plot of−ln(β T −2
peak/K−1 min−1) vs. 103 K/T for PETN at 0.23 MPa.

to 600 MPa. The agreement between our results and
those obtained from the data of Jain and Chaubey[4]
is generally good.

From the regression coefficientB in Table 5 for
the dependence of�H on pressure for the III–II tran-
sition, the pressure coefficient d(�H)/dpis −4.12±
0.41 cm3 mol−1.
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3.2. PETN trials

To evaluate the performance of the high pressure
manifold at higher temperatures, during decomposi-
tion of energetic materials, a study was undertaken
using PETN. Initially, samples of 100 mg of PETN
were heated from 28 to 300◦C at β = 0.3◦C min−1.
At higher pressures the C-80 detector signal was
saturated, therefore the sample size was reduced to
50 mg. A comparison of the results atp = 0.17, 0.79
and 31 MPa of argon is shown inFig. 10. The onset
temperatureTo of fusion for PETN at 0.17 MPa was
139±1◦C and�Hfus = 176±10 J g−1 compared with
literature values[11] of 141◦C and 156 J g−1, respec-
tively. It should be noted that the enthalpy of decom-
position,�Hdecomp, which is 2.9 ± 0.2 kJ g−1 at p =
0.17 MPa, increases significantly with pressure, ap-
proaching that of the enthalpy of explosion, 5.9 kJ g−1

[11]. DSC studies for samples of PETN confined in
a sealed glass ampoule with an internal volume of
about 5 mm3 gave�Hdecomp= 4.1 kJ g−1 [12].

The thermal behavior of PETN was determined up
to 300◦C to test the high pressure manifold during
decomposition. At various pressures of argon, sub-
stantial differences inTo, �Hfus and�Hdecompwere
observed (Fig. 10). Plots for the melting endotherm
and decomposition exotherm of PETN at the various
heating ratesβ and pressuresp are shown inFigs. 10
and 11.

The onset temperatureTo of fusion for PETN
show a linear increase with increasing pressure at
β = 0.993 and 0.297◦C min−1, however, at a heating
rate of 0.099◦C min−1, To appears to decrease with
increasing pressure (Fig. 11). The�Hdecomp values
and peak temperaturesTpeak for the decomposition of
PETN versus pressure at the three heating rates are
shown inFig. 12. At ambient pressure,�Hdecompde-
creases andTpeak increases with increase in the heat-
ing rateβ. Tpeak decreases and�Hdecomp increases
with increasing pressure.

An example plot of−ln(β T −2
peak) (K−1 min−1) ver-

sus 103T (K) at p = 0.23 MPa is shown inFig. 13.
Values ofE = 149 kJ mol−1 and ln(Z/s−1) = 23.1
were determined, compared with the literature values
[13] of E = 197 kJ mol−1 and ln(Z/s−1) = 37.1.
In this manner, apparent first order rate constants at
420 K were estimated from the heating rate studies at
the various pressures and these results are recorded

Table 6
Arrhenius parameters and rate constantk as function of pressure
for PETN

p/MPa ln(Z/s−1) E/kJ mol−1 −ln(k/s−1)a

0.23 23.1 149 19.7 ± 4.3
11.20 69.7 309 18.7 ± 5.1
18.50 53.6 250 18 ± 31
31.00 29.5 165 18 ± 72

a At 420 K.

in Table 6. While there is considerable uncertainty in
the results, especially at high pressures, it appears that
�ln k/�p > 0 and therefore�V ‡ < 0, where�V‡

is the volume of activation for the decomposition of
PETN. Such a decrease in volume on going to the ac-
tivated state is suggestive of an ionic mechanism for
the decomposition in contrast with the previously pro-
posed homolytic mechanism[14] at ambient pressure.

4. Conclusions

The high pressure manifold designed and con-
structed at our facility has enhanced our ability to
thermally characterize energetic materials. By care-
fully choosing components that exceeded the pressure
limits required, carrying out a detailed safety assess-
ment of the system and testing and verifying the
system in stages, it was shown that the manifold can
be operated safely and effectively. The large mass of
the sample/reference vessels necessary at high pres-
sures means that calibration of the system to account
for thermal lag and use of lower heating rates are
necessary to take full advantage of this system.

This instrumentation allows examination of the
pressure effect on phase transitions, allowing the de-
termination of�V values as demonstrated with the
experiments carried out in this study using AN. The
onset temperature of melting of PETN increases with
pressure, except at very low heating rates. The en-
thalpy values for the decomposition of PETN increase
with increasing pressure and the peak temperature
decreases with increasing pressure.
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