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ABSTRACT: The energetics of cast calcium sulfate dihydrate-aluminum thermites were investigated. The casts were prepared from
water slurries with a solids content below 65 wt-%. The base case thermite comprised 60 wt-% calcium sulfate dihydrate as the
oxidizer with 40 wt-% aluminum as fuel. The heat of hydration of the base case was 83 + 4 kJ-kg™" (dihydrate basis) and the initial
setting time was about 100 min. The compressive strength reached 2.9 + 0.2 MPa after three days drying in ambient air. The open air
burn rate was 12.0 £ 1.6 mm- s™! and a maximum surface temperature of 1370 + 64 °C was recorded with a pyrometer. Bomb
calorimetry indicated an energy output of 8.0 + 1.1 MJ-kg™}, slightly lower than predicted by the Ekvi thermodynamic simulation.
Substitution of 10 wt-% of the oxidant with copper sulfate pentahydrate significantly decreased the initial setting time of the casts to
less than 30 min but a secondary aluminum oxidation reaction commenced after 2 h. The density of the castings was varied by either
adding hollow sodium borosilicate microspheres or by adding excess water during the casting process. The addition of the hollow
glass microspheres caused a decrease in the burning rate. Dehydration of the casts by thermal treatments at either 155 °C or 200 °C

led to significant increases in the burning rate.

INTRODUCTION

Pyrotechnic compositions are mixtures of one or more fuels
together with at least one oxidizer that burn relatively slowly to
produce heat, light, color, gas or smoke effects.® Unlike con-
ventional combustion, pyrotechnic reactions do not require the
presence of ambient air in order to burn.? Pyrotechnics applica-
tions are plentiful and include use in airbags, fire extinguishers,
and road flares.® Thermites are pyrotechnics based on a metal
as fuel and are capable of reaching very high reaction tempera-
tures.? The non-detonative, self-sustaining and highly exother-
mic nature of the reaction makes thermites suitable for metal
welding or metal-cutting devices. The latter application is the
one of present interest

Aluminum is a popular fuel choice because it is inexpensive
and readily available. Micron-sized aluminum powder is avail-
able in a variety of particle shapes. Flakes have a larger surface
area and are more sensitive to ignition. However, batch to batch
reproducibility is more consistent with spherical atomized
forms.! Nanothermites are made up of particles smaller than 100
nm in size. They tend to deflagrate with flame velocities ex-
ceeding 1 km-s7%, but they do not detonate.* Micron-sized ther-
mites burn much more slowly as the reaction is diffusion-con-
trolled unlike the faster kinetics-controlled reactions in the
nano-environment.*

Loose micron-sized thermite powders are prone to erratic
combustion behavior. Consolidation into monolithic solids with
uniform properties improves the consistency of the burning pro-
cess. Metal sulfates have been employed as oxidizers for both
micron- and nano-sized aluminum thermites and it was found

that the presence of waters of hydration even increased the heat
of reaction.® Hydrated salts, e.g. MgSO,-7H0, provide “solid-
ified” water for reaction with a metal fuel.® Ignition of such
compositions produces hydrogen gas in addition to the metal
oxide. Fortunately the reaction between aluminum and water,
while exothermic, proceeds very slowly when the fuel is mi-
cron-sized.” Freshly prepared aqueous slurries, containing cal-
cium sulfate hemihydrate (i.e. Plaster of Paris), are fluid and can
be poured into suitable molds. The slightly exothermic hydra-
tion reaction, shown in Scheme 1, is responsible for the setting
of the cast. Part of the liquid water initially present is incorpo-
rated into the solid phase by the hydration reaction itself. The
slurry solidifies due to a setting process. The hemihydrate first
forms a supersaturated solution in the water that is present from
which, subsequently, a compact mass of interlaced needle-
shaped calcium sulfate dihydrate crystals is deposited.® On dry-
ing the excess water evaporates, and a fairly porous solid struc-
ture remains. The ultimate aim is to use such gypsum-based
slurries as reactive binders for highly energetic thermite sys-
tems. The envisioned metal cutting application calls for the
rapid setting of such casts. This study is a first step towards this
ultimate goal. It reports on the energetics and the burn rate of
the calcium sulfate/aluminum system, its mechanical properties
and the rate of burning of casts of varying density, in addition
to a way to accelerate the setting rate of the Plaster of Paris
slurry.

CaS0,-0.5H,0 + 1.5 H,O — CaS0,4-2H,0
Scheme I: Plaster of Paris hydration reaction
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EXPERIMENTAL SECTION

Materials. Q-Cel® 6019 hollow glass microspheres were
purchased from AMT composites, a local distributor of Potters
Europe. According to the manufacturers’ data sheet, the average
particle size is 75 um and the density is 0.14 g-cm=. Atomized
aluminum powder and anhydrous calcium sulfate were pro-
cured from Grinman Pty (Ltd) and Alfa Aesar respectively. Cal-
cium sulfate hemihydrate, sulfur and copper sulfate pentahy-
drate powders were supplied by SigmaAldrich. X-ray fluores-
cence (XRF) analysis showed that all the raw materials, except
the calcium sulfate hemihydrate, were of high purity, i.e. > 99
wt-%. The calcium sulfate hemihydrate purity exceeded 97 wt-
% with MgO as the most significant contaminant at 1.9 wt-%.
Scanning electron microscopy (SEM) images of the fuel and
oxidizer precursor powders are shown in Figure 1. Table 1 sum-
marizes the physical characteristics of the raw materials.

Figure 1. SEM images of the raw material powders: (a) Alu-
minum powder, and (b) CaS0O4-0.5H.0

Modelling. Thermodynamic simulations were performed to
determine the effect of fuel to oxidizer ratio on the adiabatic
reaction temperature and the nature of the reaction products.
Ekvi software® was used to compute equilibrium compositions
upon the assignment of reaction criteria, which included speci-
fying the reactant ratios, pressure (or volume), temperature and
possible products. Initial simulations considered only alumi-
num as fuel with calcium sulfate (anhydrite, hemihydrate and
dihydrate forms) as oxidizer. Additional simulations were per-
formed with the CaSO, in different hydration states, or with in-

clusion of either sulfur or copper sulfate pentahydrate. Simula-
tions were also performed in the presence of helium gas pres-
surized to 3.0 MPa. This was done in order to compare the Ekvi
simulation results with bomb calorimeter measurements.

Table 1. Characteristics of raw material powders

Material Dso BET? Density
(pm) (m*g™) (g-cm)
Al 130 0.17 2.70
CaS04:0.5H20 45+2.4 2.5 2.32b
CaSOq 305 2.1 2.96
Sulfur 290 0.18 2.07
CuS04-5H20 n. a. n. a. 2.28
Microspheres® 575 n. a. 0.14

aBET specific surface area; "Dihydrate form; <Q-Cel® 6019 hol-
low microspheres: SiO2/Na20O/B

Table 2. Cast thermite compositions™ (wt-%o)

Component Basel Blend?2 sS4 CSP5
Aluminum 40 40 30 40
Dihydrate® 60 30 50 50
CaSOq - 30 - -
Sulfur (S) - - 20 -
CuS04-5H20 - - - 10

“Full hydration of hemihydrate to CaSO4-2H-0 assumed.

Compositions. The base composition, chosen based on the
Ekvi simulations, together with three modifications, shown in
Table 2, were selected for experimental investigation. The hy-
dration reaction was expected to convert all of the hemihydrate
into the dihydrate form. Blend2 was considered in order to study
the effect of a partially hydrated oxidant form. It was prepared
by substituting part of the hemihydrate with anhydrite which
does not react with water. Part of the aluminum fuel was substi-
tuted with sulfur in composition S4 while part of the oxidant
was substituted with copper sulfate in composition CSP5.

Casting method. It was assumed that the hydration reaction
of Scheme | for CaSO,-2H,0 will proceed to completion during
the casting of the slurries. This was taken into account when
determining the quantities of the individual reagent powders to
be used. They were chosen such that the final compositions cor-
responded to those listed in Table 2. The final casting mass, af-
ter full hydration and loss of excess water, was 5.0 g. The
CuS04-5H,0 was ground in a 750 W Pyramid spice grinder for
4 min to obtain a fine powder. The powders were first weighed
separately and then combined and brushed through a 125 pm
sieve. Excess water was necessary for effective mixing into a
homogeneous slurry before setting commenced and also for ob-
taining a smooth surface finish after setting. Mole ratios of
CaS0,-0.5H,0 to H,0 ranging from 1:6 to 1:10 were found to
be suitable for casting. In the end a 1:10 mole ratio, correspond-
ing to a slurry solids content of about 65 wt-%, was used. Once



water was added, the compositions were subjected to vigorous
stirring. Casts were made in half-cylinder molds and allowed to
set and dry at ambient conditions over a period of three days
before being weighed and used in testing. Casts with lower den-
sity were prepared by adding hollow glass microspheres. In ad-
dition, some casts were dehydrated for 2 h at either 155 °C or
200 °C in attempts to convert the calcium dihydrate present to
the hemihydrate.

Characterization. The reagent powders were carbon
coated with an Emitech K950X coater. Images were taken on a
Zeiss Ultra Plus 55 scanning electron microscope (SEM) at a
voltage setting of 1 kV. Thin sliver-shaped fragments obtained
by fracturing cast samples were deposited on adhesive carbon
tape and viewed using a JEOL JSM-IT300LV scanning elec-
tron microscope at an accelerating voltage of 2 kV. Phase iden-
tification was carried out by XRD analysis on a Rigaku Ultima
IV powder diffractometer using Cu-Ka radiation (A = 0.15406
nm). The PDSL2 software was used for data manipulation.

Particle size distributions were determined with a Malvern
Mastersizer 3000, with water as the dispersant. BET specific
surface areas were measured on a Micromeritics Tristar Il in-
strument using nitrogen. Samples were degassed for 5 h at 40
°C before measurements were taken.

True density, i.e. the mass of a substance divided by its vol-
ume, excluding open and closed pores, was determined with a
Micromeritics Accupyc Il 1340 pycnometer. Bulk density, i.e.
the mass of the material divided by the volume occupied that
includes interstitial space, was determined with a Geopyc 1635
envelop density analyzer.

The kinetics of the calcium sulfate hydration reactions were
investigated using isothermal heat flow calorimetry®® ! at a
temperature of 25 °C. The heat flow rate was measured as a
function of time and the heat of hydration was determined with
a TA Instruments TAM air flow calorimeter. Thermite powder
samples (4.00 g) were mixed with 2.00 g of water and the heat
flow tracked for 14 h. Duplicate runs were performed for each
composition.

Additional cylindrical casts, with a diameter of 15 mm and
height of 20 mm, were prepared for mechanical property test-
ing. The compressive strength of these casts were determined
using a 5 kN LRX Plus tensile tester. The samples were crushed
at a rate of 0.5 mm-min~'. The reported strengths represent av-
erages over at least four measurements.

The energy outputs of the thermites were determined with a
Parr 6200 bomb calorimeter and a Parr 6510 water handling
system. The bomb vessel was pressurized to 3.0 MPa with he-
lium. About 0.595 g of ground thermite composition was initi-
ated with 0.115 g Starter 1 (containing red lead and silicon) and
0.215 g Starter 2 (containing barium nitrate) in addition to the
fuse wire of the bomb calorimeter. The energy contributions of
the starters and nichrome wire initiator were taken into account
to obtain an overall gross heat release. Three repeats were con-
ducted per composition.

Differential thermal analysis (DTA) was performed on a
Shimadzu DTA 50 Differential Thermal Analyzer. Approxi-
mately 20 mg powder was placed in alumina crucibles. The ref-
erence pan was filled with 20 mg alumina (Al,Os) as reference
standard. The heating rate was 50 °C-min~! and the temperature
was scanned from ambient to 1200 °C with argon flowing at a

rate of 20 mL-min~1. At least three repeats were conducted per
sample.

Open air burns. Open air burn rate measurements were
conducted in a fume hood. Alumina tiles, measuring 100 x 150
mm, were stacked in such a way that a small cage was formed
with one side left open. This allowed placement of the cast and
facilitated the tracking of the burn event. The latter was done
using video recordings with a Dias Infrared Systems Pyroview
380Lc/50Hz/30°%23° infrared (IR) camera and a Raytek
RAYMMI1MHVF1L pyrometer. The cast was ignited with a
sparkler composed mainly of barium nitrate. Burn rates were
estimated from the IR camera recordings by dividing the cast
length by the burning time period. This was taken to be the time
interval from the point where the sample ignited to when the
flame stopped propagating forward.

Confined burns. Phenolic tubes with an inner diameter of
15 mm and a depth of 28 mm were oven-dried at 30 °C for sev-
eral days before use. Thermites samples (ca. 5.3 g) were cast
directly into the phenolic tubes. After the compositions set, the
tubes were capped with a screw-on graphite nozzle with an out-
let diameter of 6.0 mm. The nozzle-capped tubes were then
placed in a stainless steel housing and screwed into place with
a fastener. A starter composition composed of 41 wt-% copper
oxide (Cu0O), 33 wt-% molybdenum trioxide (MoOs3) and 25 wit-
% magnalium (Mg/Al alloy) was used. About 0.5 g starter was
poured into the opening of the nozzle. A Vulcan electric fuse
head was carefully placed in the opening so that it came into
contact with the starter composition. Adhesive aluminum tape
was fixed over the nozzle opening to keep the fuse head in
place. The test jig was fastened to a metal support structure with
cable ties. The prepared sample was then screwed onto the jig
in a vertical position with the nozzle facing up. An 80 mm di-
ameter aluminum block was weighed and labelled. It was then
clamped onto the jig with the flat surface facing down onto the
nozzle opening. The gap between the nozzle and the aluminum
block was set at 5.0 mm. The burn rate was estimated from the
height of the thermite in the tubes and the burn time extracted
from video recordings.
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Figure 2. Calcium sulfate-aluminum thermite predictions ob-
tained by Ekvi simulations for a pressure of 0.1 MPa. (a) Adiabatic
reaction temperatures; (b) Total gas volume generated

RESULTS AND DISCUSSION

Ekvi simulation results are presented in Figure 2 which
shows the effect of fuel content on the adiabatic reaction tem-



perature and the volume of gas evolved. The aluminum-anhy-
drous calcium sulfate (Al/CaSO,) system reached a maximum
reaction temperature of 3100 °C at 33 wt-% Al. The aluminum-
calcium sulfate dihydrate (Al/CaS0O4-2H,0) system reached a
peak reaction temperature of about 2800 °C at 40 wt-% Al. This
composition was chosen for experimental verification as it also
produced the highest gas volume, i.e. 2.6 m3kg thermite (Fig-
ure 2(b)). Moderate gas generation can be a desirable attribute

in thermite-based metal cutting applications.
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Figure 3. Ekvi -predicted product spectra at a pressure of 0.1
MPa under adiabatic reaction conditions for the CaSO,-2H,0-
Al system: (a) Solid; (b) liquid; (c) major gaseous, and (d) mi-
nor gaseous products

Ekvi predicted product spectra. Figure 3 summarizes the
main reaction products for the Al/CaS0O,-2H,0 system formed
at a pressure of 0.1 MPa and at the adiabatic reaction tempera-
ture. According to Figure 3(a) the most abundant solid phase
compounds, present at the lowest fuel loadings, are residual un-
reacted calcium sulfate together with various calcium alumi-
nates. Between 40 and 65 wt-% Al fuel, calcium sulfide is the
only solid product. Above 60 wt-% Al, alumina becomes an im-
portant solid product. Figure 3(b) indicates that there is no lig-
uid phase below 25 wt-% All. Liquid alumina is present between
25 and 70 wt-% Al fuel and it reaches a peak content at 40 wt-
% Al. Aluminum sulfide and the intermetallic CaAl, are im-
portant components of the liquid phase in the fuel loading range
50 to 80 wt-%. Both reach their maximum extent at about 60
wt-% Al fuel. Above 60 wt-% unreacted aluminum becomes an
important liquid constituent. According to Figure 3(c), at very
low fuel loadings, the dominant gaseous products are water and
sulfur dioxide with the latter reaching a maximum concentra-
tion at about 15 wt-% aluminum. However, at approximately 40
wt-% Al, their concentrations are very low and the dominant
gas component, on a mass basis, is calcium vapor although Al
and Al,O vapors are also present. However, on a mole basis,
hydrogen is by far the most common gaseous product when the

fuel exceeds 15 wt-% Al. Al and Al,O vapors reach their max-
imum extents at ca. 50 wt-% Al as fuel. Interestingly, the
amount of gas formed on a mass basis reaches peak values at
ca. 15 and 50 wt-% while a local minimum is observed at 40
wt-% Al. However, the latter minimum is actually associated
with a maximum in the volume of gas formed. Therefore, the
main reasons for the maximum in the volume of gas, at that spe-
cific fuel content, are the high reaction temperature and the gen-
eration of low molar mass H; gas.

Principal chemical reactions. The dihydrate form of the
calcium sulfate is the main oxidant and it dehydrates according
to the reaction shown in Scheme Il. The completely anhydrous
B-anhydrite form is obtained on heating above 250 °C.

CaS04-2H20¢) — CaSOys) + 2 H2O(g)

Scheme 11. Dehydration reaction of gypsum dihydrate to
form anhydrite

14 Al(s) +12 CaSO4-2H20(S) -

12C3.0'7A|203(s) +9 SOz(g) +3 HzS(g) +21 HzO(g)
4 Al(s) +3 CaSO4~2H20(S) -

CaS(S) +2 CaO-AI203(s) +2 SOz(g) +6 HzO(g)

Scheme I11. Two reactions controlling the product spectrum
at 15.5 wt-% and 17.3 wt-% aluminum fuel respectively

Particular chemical reactions effectively determine the
equilibrium product spectra at specific aluminum fuel levels.
These reactions can be inferred from the results reported in Fig-
ure 3 and they are presented in Scheme 111 to Scheme VII. How-
ever, the situation is more complex and Scheme V111 lists addi-
tional reactions responsible for the appearance of specific reac-
tion products in the gas phase.

Scheme 111 shows two reactions that determine the major
reactions products observed at aluminum fuel loadings below
25 wt-% aluminum. Based on the results of the Ekvi simula-
tions, the calcium sulfate reagent is fully converted into other
products above 15.5 wt-% Al in the feed. The main condensed
phase products are dodecacalcium hepta-aluminate (known as
the mineral mayenite) and monocalcium aluminate. The gase-
ous reaction products include steam and sulfur-based com-
pounds.

6 Al + 3 CaSO4-2H,0() —
3Ca0-Al;03¢) + SO + 0.5 Sy + HaS(g) + 5 H20(g)

Scheme V. Balanced reaction for an aluminum fuel load-
ings of 23.9 wt-%

Scheme IV shows the dominant reaction occurring at alu-
minum fuel loadings near 23.9 wt-%. The main condensed
phase product is monocalcium aluminate with sulfur monoxide,
hydrogen sulfide and water as the gaseous products.

Scheme V shows the reaction responsible for the formation
of gaseous hydrogen and calcium metal. The major condensed
products include solid calcium sulfide and molten aluminum
oxide (CaS and Al,03) while hydrogen and calcium metal gas



are present in the vapor. Scheme VI shows the reaction domi-
nating at an Al fuel loading near 43.9 wt-%. The major con-
densed products in this case are solid calcium sulfide and mol-
ten aluminum oxide (CaS and Al,Os) while hydrogen and Al,O
are present in the gas phase.

8 Al + 2 CaS0O4-2H,0() — CaSs) + 4 Al;,O3) + Cag) + 4 Hyg)

Scheme V. Balanced reaction for an aluminum fuel loading
of 38.5 wt-%.

20 A|(s) +4 CaSO4~2H20(S) -
4 CaS) + 7 Al,O3g) + 3AL0¢) + 8 Hyg)

Scheme V1. Balanced reaction for an aluminum fuel loading
of 43.9 wt-%.

48 Al + 4 CaSO42H:0) —
5 AlLO3() + 4 CaAlygy + 9 Al,O(g) + 4 AlS) + 8 Hyg

Scheme VII. Balanced reaction for an aluminum fuel load-
ing of 65.3 wt-%.

Scheme VII shows the reaction that yields, as major con-
densed products, molten aluminum oxide, aluminum sulfide
(AIS), and the intermetallic compound calcium aluminide. Hy-
drogen and Al,O are present in the gas phase.

The secondary reactions between sulfur dioxide and hydro-
gen sulfide and between aluminum and aluminum oxide as well
as several disproportionation reactions shown in Scheme 1V,
complicate the composition of the gas phase over much of the
aluminum fuel range. On a mole basis, hydrogen is the domi-
nant gas species over most of the aluminum fuel range.

SOz + H2S(g) <> Hag) +2 SO
4 SOg) > Sz + 2 SOx()
2SO <> S(g * SOxg)

2 HaS(g) <> Hag + 2HSg)

H2S(g) <> Hag) + S(g)

2 HaS(g) > 2 Hag) + Sa(g)

3 Al:O() <> 4 Al + AlOs)

Scheme VIII. Secondary reactions occurring in the gas
phase.

The last reaction listed in Scheme VIII describes a dispro-
portion reaction that happens at high Al fuel loadings. However,
it also occurs as the reverse reaction with excess aluminum re-
acting with alumina to form gaseous Al,O at low Al fuel load-
ings, i.e. just above 38.5 wt-%. Furthermore, in the presence of
excess aluminum the calcium sulfide is reduced to the interme-
tallic compound as illustrated in Scheme IX. This conversion
happens above about 50 wt-% aluminum fuel.

5 Al + CaSg) <> CaAlsg) + AlSg
Scheme IX. Reduction of calcium sulfide by aluminum

X-ray diffraction phase composition. XRD phase analysis
of the residues collected after the burn tests is shown in Table
3. For all compositions, the main condensed products collected
from burn tests were aluminum oxide (Al.Os), monocalcium di-
aluminate (CaO-2Al,03) and aluminum (Al). For Basel, the
predominant product was 47 wt-% CaO-2Al,0; while for
Blend2 it was 43 wt-% monocalcium hexa-aluminate (CaO-6
Al,05). In contrast, Al,O3; was the most prominent burn product
for S4 and CSP5 at 45 wt-% and 53 wt-% respectively.

Table 3. XRD phase analysis on burn residues collected
from open air burn tests in wt-%

Burn product Basel  Blend2 S4 CSP5
Al203 11 11 45 53
Ca0-6Al203 24 43 5 13
Ca0-2Al,03 47 22 20 25
CaS 15 22 29 9

Al 2 3 0 0
Total 100 100 100 100
Measured Al/Ca*  2.10 1.98 1.65 4.27
Expected Al/Ca*  2.86 2.53 2.58 3.44

*Mass ratios estimated from XRD data

In comparison, the major condensed products expected
from the EKVI simulations for all compositions were Al,Os)
and CaSg). For Basel, it was 69 wt-% Al,O3 and 18 wt-% CaS
while for Blend2 the major products were 65 wt-% Al,O3 and
20 wt-% CaS. Similarly, the major products predicted for S4
were 55 wt-% Al,O3; and 20 wt-% CaS while for CSP5 it was
65 wt-% Al,O3 and 15 wt-% CaS. These discrepancies do not
necessarily indicate that the Ekvi simulations were invalid as
they relate to the expected compositions at the corresponding
adiabatic reaction temperatures whereas the XRD phase com-
positions were obtained after the residues had cooled down to
ambient. It is possible that further reactions may have occurred
during the cooling down process. In addition, the calculated
mass ratios of Al/Ca for each composition, given in Table 3 did
not match theoretical expectation. The discrepancy could be
due to the fact that some amorphous material was also present
while the XRD estimates only relate to the crystalline phases
present.

Table 4. Heats of hydration and the dry densities of casts

Component Basel Blend2 S4 CSP5

Heats of hydration (kJ-kg~! dihydrate content)

83+x4 89zx1 813 9338
Dry densities” (g-cm~3)
p calculated 2.46 2.64 2.36 2.45
p measured 2.48 2.62 2.34 2.43
P8 measured 1.04 111 1.06 1.14
. std. dev. 0.05 0.02 0.02 0.04
Porosity (-) 0.58 0.58 0.55 0.53

#pand ps are the true and bulk densities respectively.



Heats of hydration. Figure 4 shows the heat release data
generated by the isothermal heat flow calorimeter. The results
are based on the total slurry mass while the values, reported in
Table 4, were normalized with respect to the gypsum content.
Figure 4(a) shows that the peak heat flow for Basel, Blend2 and
S4 compositions was reached within 1 h of water addition. The
peak heat flow for Basel was 23 + 3 W-kg™! after 47 + 8 min.
Similarly, the peak heat flow for Blend2 was 10.4 + 0.9 W-kg™
at 45 + 2 min and S4 was 15.7 + 1.4 W-kg™ after 62 + 12 min.
In contrast, the heat release profile for composition CSP5 dif-
fered significantly from those obtained for the other composi-
tions. It featured two main heat flow peaks. The first occurring
at 11 + 2 min with a peak value of 42.3 + 1.5 W-kg™! and the
second occurring at 3.18 + 0.04 h at 77 + 4 W-kg™".

These observations are in accord with those made during
casting which revealed that CSP5 samples solidified signifi-
cantly faster than the other compositions. The second heat flow
peak is attributed to the reaction of the copper sulfate present
with the aluminum powder in the composition. Figure 5 shows
XRD diffractograms recorded for a sample of the pulverized
cast after setting and drying. It shows reflections attributable to
copper and aluminum sulfate phases suggesting that the reac-
tion shown in Scheme X must have occurred during setting.

3 CuSOyag) +2 Alg) <> Alx(SO4)3aq) + 3 Cugs)
Scheme X. Reaction between copper sulfate and aluminum
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Figure 4. Representative isothermal heat calorimetry results
for the Basel, Blend2, S4 and CSP5 compositions: (a) Heat flux,
and (b) cumulative heat released. The heat flows were normalized
with respect to the total mass of solid powder (4.00 g) plus water
(2.00 g).

The heats of hydration for neat a.-hemihydrate and 3-hemi-
hydrate are reportedly 112 and 100 kJ-kg™' respectively.! The
measured values listed in Table 4 were lower. The heat of hy-
dration, for the Basel composition, which comprised a combi-
nation of CaS04-0.5H,O and Al, was measured as 83 * 4
kJ-kg™'. The values for the Blend2 and S4 were similar. The in-
itial heat released by the CSP5 composition was also of similar
magnitude. However, the total heat release including the heat
liberated by the reaction of the copper sulfate with the alumi-
num reached 933 + 8 kJ-kg™' (based on the mass of the gypsum
present in the formulation).

Scanning electron (SEM) images of the fracture surfaces
of the cast thermites are presented in Figure 6. The globular alu-
minum particles are seen interspersed between needle-shaped
calcium sulfate crystals formed during the setting reaction. The
striking feature revealed by these images is the high porosity of
the casts. Measured porosity values are listed in Table 4.
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Figure 5. Representative isothermal heat calorimetry results
for the Basel, Blend2, S4 and CSP5 compositions

Figure 6. SEM images of fracture surfaces of casts: (a) Basel,;
(b) Blend 2; (c) S4, and (d) CSP5

Table 5. Compressive strengths (CS) and burn rates (u) of
castings

Basel Blend2 S4 CSP5
CS (MPa) 29+0.2 2.3+0.3 3.4+0.3 4.6%0.2
u (mm-s?)
Unconfined 1242 1846 13+1 1040.1

Confined 819 781 1016 11




Mechanical properties. The compressive strengths'? of the
casts are reported in Table 5. The compressive strength of com-
position Basel was 2.85 + 0.20 MPa. Partial substitution with
the copper sulfate improved the compressive strength to 4.61 +
0.24 MPa. Casts made with this thermite were also less prone
to break when they were removed from the molds. The inclu-
sion of the anhydrous calcium sulfate in Blend2 produced the
cast with the lowest compressive strength. This was expected
since Blend2 contains less CaSO4-2H,0 than other composi-
tions and the cast strength derives from the interlocking crystal
structure developed by the formation of CaSO,4-2H;0.

Differential thermal analysis. DTA traces obtained for the
individual raw material components and the Basel composition
are presented in Figure 7. The onset temperatures reported in
Figure 7 were determined with the Shimadzu TAG0 software.
The dehydration onset temperatures for the calcium sulfate
hemihydrate and for the Basel composition were 122 °C and
133 °C respectively. The aluminum fuel showed a melting
event commencing at 666 °C. The decomposition of CaSO,
commenced at temperatures above 1070 °C. The thermal runa-
way in Figure 7(a) corresponds to the combustion of the Basel
composition. The ignition onset temperature was 985 °C. The
DTA signal for this event looped back on itself. This means that
the thermite reaction rapidly heated the whole chamber to a
temperature that exceeded the programmed oven temperature.
This forced the instrument to cool the oven in order to return to
the programmed ramp temperature. While the onset tempera-
ture indicates an ignition temperature of about 985 °C, there is
also a small exotherm hump with an onset temperature of 907
°C. Its origin is not currently understood.

is evident at the beginning of the recording and a rapid temper-
ature decrease is observed at the end of the burn. Similarly, the
temperature profiles of the various compositions measured dur-
ing open air burns is shown in Figure 8(b). The more gradual
decrease in the temperature observed for composition CSP5 at
the end of its burn is attributed to the hot slag that formed which
only slowly lost its heat. In contrast, compositions Basel and
Blend2 showed a rapid drop in temperature because the granu-
lar residues lost heat more rapidly.
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Figure 8. (a) Temperature profile of Basel thermite recorded
with a pyrometer indicating repeatability of burns; (b) Temperature
profiles obtained for Basel, Blend2, S4 and CSP5 thermite systems
recorded with a pyrometer
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Figure 7. Differential thermal analysis of (a) Basel thermite
with 60 wt-% CaSO4-2H20 and 40 wt-% Al, (b) raw Al, (c) raw
CaS04-0.5H20 and (d) raw CaSO4

Open air burn tests. Figure 8(a) shows temperature pro-
files obtained for the Basel casts measured during open air burn
tests with a pyrometer. They provide an indication of the varia-
bility of the burn events. A sharp rise in the reaction temperature
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Figure 9. Linear burn rate of untreated casts and after heat-
treatment at 155 °C or at 200 °C

The burn rate of casts before and after heat treatments are
shown in Figure 9. The base case Basel produced a burn rate of
12 = 2 mm-s~!. White and yellow powder residues with molten
metal spheres were observed in the burn residues. Composition
Blend2 produced the fastest burn rate of 18 = 2 mm-s™.. This
was expected since the composition contained less calcium sul-
fate dihydrate (CaSO4-2H,0). Less energy was spent driving



off the waters of hydration implying higher reaction tempera-
tures and thus a faster reaction. Fewer spheres were observed in
the residues from Blend2 than from Basel. The slowest burning
rate of 10 + 1 mm-s™! was found for composition CSP5. This
could be due to the heat sapping by the inert copper and the less
reactive aluminum sulfate present which formed during the set-
ting of the casts. However, a dark blue-green powder residue
remained and this suggests that at least part of the copper ions
present were not reduced to copper metal. Interestingly, the
burning of the CSP5 samples caused fracture of the alumina
tiles and they were actually displaced outwards during the burn-
ing event.

Figure 9 also shows the effect of heat treatments on the burn
rate of the casts. The linear burn rate of Basel increased from
12 + 2 mm-s™! (untreated) to 33 + 2 mm-s™! and 41 + 1 mm-s™!
when treated when heat treated to 155 °C and 200 °C respec-
tively. The more complete dehydration of the Basel composi-
tion produced the fastest burn rate of all the present samples.
The objective of the thermal treatments were to release the wa-
ters of hydration in CaSO4-2H,0. Since Blend2 contained less
CaS04-2H,0 than the other compositions, it was expected that
its burn rate would be the least affected. Blend2 casts showed
the least mass change after oven treatment when compared with
the other compositions which contained CaSO,-2H,0. On heat-
ing this was converted to less hydrated forms resulting in their
burn rates being significantly affected. It was observed that
heat-treated casts burned significantly faster and that metal-like
coatings were deposited on the surface of the alumina tiles that
were placed on top to form the roof of the test cages. The oven-
treated casts also ignited more easily than casts that were not
heat treated.
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Figure 10. Effect of hollow glass microsphere addition on the
cast density and the linear burn rate

Effect of hollow glass microspheres on the burn rate. Fig-
ure 10 shows the effect on the burn rate of lowering the cast density
by adding hollow glass microspheres to composition Basel. At low

loadings, corresponding to higher densities, there was little effect
on the burn rate. The burn rate plateau trend held up to 10 wt-%
add-on of the glass spheres, i.e. cast densities ranging from 1.06
down to 0.66 g cm™3. Thereafter, a rapid drop in burn rate is ob-
served on inclusion of additional glass spheres. This reduction in
the burn rate is ascribed to the glass spheres representing an inert,
non-reactive component of the composition in addition to the phys-
ical barrier effect they pose to both heat transfer and diffusion of
the reactants.
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Figure 11. Bomb calorimeter results obtained in helium pres-
surized to 3 MPa compared to predictions obtained from EKVI
simulations
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Figure 12. Aluminum blocks showing the hole eroded in a
confined burn test by a sample of Blend2 oven-treated at 155 °C



Bomb calorimetry. Bomb calorimeter results obtained in a
helium atmosphere are presented in Figure 11. The largest heat re-
leases were 8.0 + 1.1 MJ-kg™! and 7.8 + 0.6 MJ-kg! for the Basel
and CSP5 compositions. Blend2 showed a heat release of 7.2 £ 0.34
MJ-kg!. Composition S4 produced the lowest heat release of 5.9 +
0.48 MJ-kg™'. The experimental bomb calorimeter energy outputs
were lower than the theoretical values predicted by the Ekvi simu-
lations by about 8 %. This could indicate that in the actual tests
combustion was incomplete.

Confined burn tests. The purpose of the confined burn tests
was to establish the ability of the calcium sulfate based thermites
to remove aluminum metal. Only samples that were partially dehy-
drated, by heat-treatment at 155 °C, were tested in these initial tests.
The compositions burned significantly faster in the confined state
than was recorded in the open air burn tests as shown in Table 5.
Interestingly Blend2, and not the fastest burning composition S4,
resulted in the largest hole in the aluminum block. Figure 12 shows
the diameter and depth of a nearly hemispherical hole created by a
Blend2 sample. The average diameter and maximum depth of the
hole were 13.6 mm and 7 mm respectively.

CONCLUSIONS

Thermodynamic simulations indicated that a thermite com-
position, comprising 60 wt-% calcium sulfate dihydrate
(CaS04-2H,0) as oxidant with 40 wt-% aluminum as fuel, has
an adiabatic reaction temperature of 2808 °C. Mechanically
strong moldings were obtained by casting water-based slurries
with a solids content of 65 wt-%. Isothermal heat flow calorim-
etry showed that the setting reaction was thermally complete
within 75 min. The compressive strength, after ambient drying,
was 2.85 + 0.20 MPa. Differential thermal analysis scans at 50
°C-min! indicated an ignition temperature of 985 °C. The un-
confined open burn rate was 12 + 2 mm-s™" but it was 819
mm-s~! when confined in a phenolic tube. Bomb calorimetry
studies in helium at a pressure of 0.1 MPa showed that the en-
ergy output of the thermite was 8.0 + 1.1 MJ-kg™!. Partial sub-
stitution of the oxidant by copper sulfate pentahydrate led to
faster setting, better mechanical properties but a slower burn
rate.
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