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Abstract

Silicon powder reacts with water liberating hydrogen gas that poses an explosion risk.
Adding metal ions with a high reduction potential suppresses hydrogen generation. Copper
(IT) ions are particularly effective in this regard. In their presence the reaction featured three
distinct stages. In the initial phase copper is deposited on the silicon surface concomitant with
a rapid drop in the solution pH. Most of the hydrogen evolves during a second active stage
with the pH showing a slight upward drift. Finally, in the third stage, the silicon surface
passivates and hydrogen evolution comes to a halt. A comparison of this method and two
other methods previously reported i.e. controlled air oxidation of the silicon powder before
slurrying and adding organic corrosion inhibitors, shows that silane surface modification of
silicon is the most effective method for suppression of hydrogen evolution while maintaining
or even improving silicon reactivity in a typical pyrotechnic composition.
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Introduction

Silicon powder has found extensive use as a fuel in pyrotechnic compositions (Koch &
Clement, 2007). Of special interest is its use in mine detonator time delay compositions

(Ricco et al., 2004; Koch & Clement, 2007). Such delay elements are currently manufactured
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by pressing the pyrotechnic composition into aluminum tubes. The automated filling and
pressing process requires powders with good free-flow behavior. Spray drying of slurries is
an appropriate method to obtain such free flowing granules as it creates almost perfect
spherical particle agglomerates (Chan et al, 1996). In addition to the acceptable flow
properties, this process also yields well-mixed compositions from dispersions containing
different powders and provides control over the particle size distribution of the near-spherical
agglomerate. The spray drying process requires that the silicon fuel and other constituents be
slurried in water (Chan et al., 1996; Morgan & Rimmington, 2010). This creates a potential
hazard situation as water reacts with silicon to form SiO, and hydrogen gas (Boonekamp et
al., 1994). The evolved hydrogen presents an explosive hazard during the production process.
Gas mixtures containing hydrogen and air can support deflagration in the concentration range
4 % to 75 % (volume hydrogen fuel basis) (Carcassi & Fineschi, 2005).

The oxidation of silicon in water is an electrochemical reaction that consists of the anodic
oxidation of silicon reaction coupled with a suitable cathodic reaction and the concomitant
release of hydrogen gas (Harraz et al., 2002). Silicon is a strong reducing agent capable of
reducing many substances including water and metal ions in solution. This property is used to
deposit noble metals reductively onto the internal surface of porous silicon (Coulthard et al.,
1993). Sham et al. (1994) and Kanungo et al. (2010) reported that, depending on the slurry
conditions, reduction of noble metal ions by silicon can either be accompanied by
simultaneous hydrogen evolution or be independent of it altogether. In the case where
simultaneous reduction of the metal ion and water takes place, the presence of the increased
number of cathodic reactions results in an increased rate of the anodic reaction leading to
faster passivation of the silicon surface. When no hydrogen evolution is observed it is likely

that there is preferential metal deposition due to the combination of the silicon and metal half



cells that, assuming similar kinetics, overall have a more positive electrochemical potential
than that of silicon and water.

Numerous methods for inhibiting corrosion of metals have been proposed. The two main
methods are barrier formation to isolate the substrate from the corrosive environment and
manipulating the nature of the latter (West, 1980). Corrosion literature focuses on the
elimination of the wasteful anodic reaction (Szklarska-Smialowska, 1999; Knag, 20006;
Antonijevic & Petrovic, 2008). In the present application minor oxidation of the silicon is
tolerable. However, it is desired to eliminate the accompanying cathodic reaction that results
in hydrogen gas evolution. Organic compounds can significantly reduce oxidation rates in
humid environments. Licciardello et al. (1986) attributed this effect to surface
hydrophobization that prevents absorption of water. Silicon naturally forms protective oxides
that inhibit corrosion (Gruvin et al., 1985 and Mack et al., 2010). Oxygen or water must
diffuse through the SiO, layer to reach the bulk silicon below for the reaction to take place,

thus controlled thermal growth of a SiO, scale can be used to inhibit hydrogen evolution.

This communication reports on the reduction of hydrogen evolution by adding suitable
metal ions to provide an additional cathodic reaction. These results were then compared with
those obtained for other methods of suppressing of hydrogen evolution (Tichapondwa et al.,

2011 and Tichapondwa et al. 2012).

Experimental

Materials

Ball milled Type 4 silicon was supplied by Millrox. It had a dso particle size of 2.06 pm
(Mastersizer Hydrosizer 2000) and a specific surface area of 9.68 m*/g (Nova 1000e BET, N,

at 77 K). Rolfes Pigments supplied lead chromate (PbCrO,4) in the form of grade Middle



Chrome L-GXD. The pigment had a dso particle size of 2.14 um and a BET specific surface
area of 16.7 m’/g. Barium sulfate (BaSO,) with a dso of 5.55 pum was supplied by AEL
Mining Services. The distilled water was obtained from a laboratory still. Deionized water,
25% ammonia solution and a range of metal salts (See Table I) were obtained from Merck

Chemicals.

Methods

Hydrogen Evolution

Hydrogen evolution studies where performed using the procedure described by Tichapondwa
et al. (2012). However, 0.1 M metal salt solutions where added to the Si in place of distilled
water. The effect of dissolved oxygen on the amount of hydrogen released was also
investigated. This was done by de-oxygenating 500 mL of distilled water. The water was first
heated at 80°C for 30 min followed by nitrogen purging for 15 min at a flow rate of 50 mL/s
(Butler, 1994). This water was then tested with silicon powder under the conditions stated
above.

After establishing that the 0.1 M Cu(NOs); solution is one of the best inhibiting metal
solutions, varying concentrations of copper nitrate solution were prepared (0.001 M, 0.005
M, 0.01 M, 0.02 M, 0.04 M, 0.1 M, 0.3 M and 0.5 M). Their effectiveness as inhibitors was
investigated by measuring the gas evolved in a 1 h time period to establish the optimum salt
concentration at which the least gas is evolved.

Having established the optimum concentration (0.04 M Cu®"), the rate of hydrogen
evolution using solutions of the three different copper salts was measured. This was done by
following the volume of displaced water in the burette at the following time intervals: 0, 1, 2,
5, 10, 15, 20, 25, 30, 40, 50 and 60 min. pH measurements of the bulk slurry were also taken

at the same time intervals.



Ageing of Si in powder in slurries of distilled water and Cu(NO3), solutions

The effect of aging silicon powder in aqueous suspensions on the burn properties of a
pyrotechnic composition produced from the resultant silicon was investigated. Slurries with
40 wt.% silicon were prepared using distilled water and 0.04 M Cu(NOs), solution as the
aqueous medium. The two slurries were continuously stirred for 6 weeks. Small samples of
the slurry were collected at different time intervals, these were air dried and then used to

prepare pyrotechnic compositions.

Determination of the amount copper consumed during inhibition

An initial standard solution of approximately 11.5 g/L [Cu (NH3),]*" complex was prepared
by adding the required amount of copper salt into a 100 mL volumetric flask and toping it to
the mark with deionized water. An aliquot of 50 mL of this copper solution was then
transferred into another 100 mL volumetric flask where 8 g of 25% ammonia solution was
added to form the complex and then topped to the mark with deionized water. Half of the
initial complex solution was then transferred into another 100 mL flask and topped up to the
mark. Step dilutions of taking 50 mL of the each previous solution and topping it up to 100
mL were carried out until 6 standards were obtained. The Ultraviolet-visible (UV-Vis)
spectra of the standard solutions were then recorded. A calibration curve was established
based on Beers’ law. Next, 200 g of silicon powder was dispersed in 500 mL of 0.04 M Cu
solution. The slurry was continuously stirred and 20 mL samples of the slurry were taken at
the following time intervals: 1, 2, 5, 10, 15, 20, 30, 40, 50, and 60 minutes. These slurry
samples were immediately filtered and the copper concentration in the resultant filtrate was

analyzed using UV-Vis after ammonium solution addition.



Pyrotechnic Composition Preparation

Pyrotechnic compositions of Si + PbCrO4 were prepared using 20 wt.% Si slurried in the
three 0.1 M copper salt solutions. Compositions of Si + BaSO4 were prepared using 44 wt.%
Si collected at different time intervals during the aging tests. One gram of each composition
was weighed out and dry mixed by passing it through a 75 um sieve several times. The burn
properties of the Si + PbCrO4 pyrotechnic compositions were then tested using DTA whilst

open flame tests were carried out on the Si + BaSO4 compositions.

Characterization

A SPECTRO ARCOS Inductively Coupled Plasma Optical Emission Spectrometer (ICP-
OES) was used to quantify the amount of Cu deposited on the silicon powder following
immersion in the three different copper solutions. The samples were prepared by contacting
the dried silicon powder with 0.5 M HNO; in order to dissolve the precipitated copper
(Harraz et al., 2002). Calibration with a multi-element standard (ICP grade) was carried out
before running the samples

The Ultraviolet-visible (UV-Vis) spectra were recorded on a Perkin Elmer lambda 750S
UV/VIS spectrometer in the wavelength range of 300 to 1100 nm.

The surfaces of the copper solution-treated and neat silicon powders were analyzed by
Diffuse Reflectance Infrared Fourier Transform analysis (DRIFT) on a Perkin-Elmer
Spectrum 2000GX FTIR spectrometer. The ratio of sample mass to KBr mass was set at 1:20.
All FTIR spectra were recorded at a resolution of 2 cm™ as averages of 30 scans.

Differential thermal analysis (DTA) was carried out using a Shimadzu DTA-50
instrument. Approximately 5 mg each of the sample and the reference standard (a-Al,O3)
were weighed into alumina sample pans. One 500 pm thick copper disk was placed at the
bottom of each of the sample pans. These acted as heat sinks to protect the DTA temperature
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detector from high temperature excursions (Ilunga et al, 2011). The DTA runs were carried
out in a nitrogen atmosphere and the temperature was scanned from ambient temperature to

1000°C at a scan rate of 50°C/min with N, flowing at a rate of 50 mL/min.

Results

Hydrogen evolution

Figure 1 shows the effect of different metal salts (0.1 M solutions) on hydrogen evolution.
The neat silicon powder immersed in distilled water produced 13.7 = 1.0 mmol Hy/kg Si. The
N, purged water produced a comparable amount of hydrogen i.e. 12.3 + 0.4 mmol Hy/kg Si.
These results revealed that in the test conditions studied dissolved oxygen has little influence
on the hydrogen evolved. Nearly all the metal salts used reduced the amount of H, gas
produced. The best performance was observed from the copper (Cu®") ion solutions. Copper
chloride solution evolved the least hydrogen, 2.7 + 0.4 mmol Hy/kg Si. This represents an
80% reduction in the amount of H, released over a period of one hour. The [Cu (NH;3)4]*"
complex solution, however, was not as effective as the other copper solutions and resulted in

a moderate decrease of 29%. Addition of KMnOj4 gave the highest gas volume but this was
most likely due to the release of oxygen via the reduction of MnO), rather than the release of

hydrogen. The performance of the other metal salts tested here was comparable. They all
followed the prediction that the more positive the reduction potential the less hydrogen gas
evolved. Surprisingly, the Cu®" solutions outperformed the Fe’* solution even though Fe
has a higher cell potential. The reason for this might be the high stability of Fe’* (Jeffery,
1989). While reduction to Fe*" or Fe is thermodynamically feasible, it might not be
kinetically favorable.

The nature of the anions, associated with the metal cations, was found to have an effect.

In all the metal salt solutions tested, the nitrates consistently outperformed the sulfates for



that particular metal. In the case of copper, the volume of hydrogen evolved increased in the
following order: ClI'< NO; < SO . Surprisingly, CuCl, solution was the best inhibitor even

though chloride ions tend to increase the rate of corrosion in most metals. These observations
can be attributed to the oxidizing nature of nitrates which may result in an increased rate of
silicon surface oxidation thus forming a passive silicon dioxide layer which would slow down
the rate of transfer of the oxidant to the interface of the reaction. Another plausible
explanation relates to differences in interaction between the diverse ions in solution. Chloride
ions are more electronegative than nitrate ions which in turn are more electronegative than
sulfate ions. The more electronegative the anion, the more likely it is to be attracted to cations
in solution. This results in the preferential formation of an acidic solution rather than

combination of the H ions in solution to form H,.

Optimization of Cu (NO3);

Figure 2 shows the amount of hydrogen evolved as a function of copper nitrate concentration.
The results indicate a rapid decrease in the amount of gas evolved with increasing
concentration but a plateau value is reached above a critical concentration. Any further
increase in metal ion concentration did not affect the amount of gas evolved. The critical
solution concentration is about 0.04 M Cu(NOs),. The Nernst equation for the reaction of
silicon with copper ions shows that the value of the cell potential (E") is a function of both
metal ion concentration and pH (Pourbaix, 1966). The relationship for the silicon and copper
cell is given by:

E*“!'=1.23-0.118pH - 0.059 log [Cu®'] (1)

According to equation (1), the overall cell potential increases with the copper ion

concentration. This could, in part, explain the greater inhibition effect at higher copper salt



concentrations. Also, solutions with lower copper concentration featured higher pH values

that enhance hydrogen evolution (Hackley et al., 1997).

Copper deposition

Figure 3 shows a representative data set obtained with a 0.04 M Cu(NOs3), solution. It shows
the solution pH and copper concentration as well as the amount of hydrogen evolved as a
function of time. Careful inspection of this as well as other data sets reveals that the
interaction of silicon powder with the electrolyte featured three distinct stages. The first stage
is very short, lasting less than two minutes, and it is characterized by a sudden drop in both
the solution pH (from pH = 4.35 to pH = 4.06) and the copper concentration (from about 2.74
g/L to 2.26 + 0.16 g/L in the data set shown in Figure 3. The drop in the copper concentration
amounts to about 1.06 mg Cu/g Si. Little or no gas evolution occurred during this stage, in
which the copper deposited. The theoretical amount of copper required to cover the surface of
silicon assuming monolayer coverage was calculated considering the face-centered cubic unit
cell structure of copper. The amount of copper required with these assumptions was estimated
to be 14 mg Cu/g Si. This implies that the approximate amount of surface Si available for

reaction with copper ions in the experiments was about 7.5% of pure silicon surface.

The second step lasted for about 23 minutes. The concentration copper in the solution
apparently remains unchanged although the pH shows a slight upward drift. Virtually all the
hydrogen gas evolves during this stage. At the end of the second stage, hydrogen evolution

stopped as the silicon surface became passivated.

Figure 4 compares hydrogen evolution with silicon dispersed in distilled water or in 0.04
M solutions of the three copper metal solutions as a function of time. Compared to distilled

water, all the copper salts showed a significant inhibiting effect to hydrogen evolution. In the



test period of 1 h, all copper solutions stopped releasing hydrogen after 30 min whilst silicon
dispersed in distilled water still released hydrogen at 60 min although the rate of hydrogen
release appears to decrease. The anion effect on the rate hydrogen release is also clearly
demonstrated in these results.

Table I gives the quantities of copper deposited in relation to the silicon added in three
different 0.1 M solutions of copper. The amount of copper deposited varied with the type of
anions present.

Surprisingly, the amount of Cu deposited did not follow a trend consistent with that
observed for hydrogen evolution. Harraz et al. (2002) previously reported on the effect of
anions on copper deposition. They found that an increase in chloride ion concentration
decreased copper deposition. They postulated that the chloride ions deactivate silicon’s
ability to reduce copper ions by attaching to the active sites on the silicon surface. Silicon
immersed in CuCl, solution showed the least amount of copper deposited in agreement with

their observations.

Si-BaSO, Open Flame Test

The reactivity of silicon aged for different time periods in distilled water and 0.04 M
Cu(NO:s), solution was analyzed by testing the open flame reactivity of a 44 wt.% Si-56 wt.%
BaSO, pyrotechnic composition prepared using these silicon powders. The results obtained
(See Table II) indicate that although copper nitrate solution is effective as a hydrogen
inhibitor, it adversely affected the reactivity of silicon. The deterioration was rapid and faster
than that observed for a composition aged in water. Silicon slurried in the copper nitrate
solution became deactivated within 4 days. By comparison, silicon slurried in distilled water
for 28 days still ignited. This is likely to be a result of the presence of unreactive copper

metal as well as increased of silicon oxidation caused by the metal solution.
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Differential Thermal Analysis

The reactivity of the silicon exposed to metal ion solutions was studied using the DTA
response of pyrotechnic composition containing 80 wt.% lead chromate (PbCrOj,). See Figure
5. The silicon powders dispersed in CuCl, and Cu(NO3), solutions showed similar DTA
traces to that of the neat silicon although there is a shift in the onset temperature by more than
35°C for the silicon dispersed in the metal solutions. The shape of the DTA trace of silicon
dispersed in CuSOj4, however, took on a distinctly bimodal form. Table III reports the DTA
reactivity data for the compositions prepared using different silicon powders. The energy
output from the compositions prepared using neat silicon and Cu(NOs3),-treated silicon are
similar whilst there is a progressive decrease in heat output for CuCl, and CuSOs,
respectively. The decrease in energy output is attributed to both the thicker oxide layer on the

silicon particles and the presence of unreactive copper metal.

Discussions
Since silicon is a semi-conductor, its surface electrochemistry differs from that of a good
electronic conductor in that only limited spatial separation of the anodic and cathodic half
cells is possible. This promotes the deposition of corrosion products on the reaction sites thus
stifling any further reactions. The reduction of metal ions in solution to metal by silicon can
be generalized to the reaction Scheme I:

Oxidation:  Si+2H,0 — SiO, + 4 H' + 4¢”

Reduction:  Me*" + ze" — Me

Scheme I: Generalized reaction scheme for the reaction of silicon with metal ions.

Jeske et al. (1995) and Kanungo et al. (2010) proposed the two-step local element mechanism

shown in Scheme II. In the first step silicon oxidation occurs by hole injection from the metal
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ions into the valence band of the silicon. The second step involves the injection of electrons

from the hydroxide into the conduction band of silicon.

Step 1: Oxidation: Si+2H,0 + 2h'— Si(OH), + 2 H"
Reduction: Me”" > Me+zh"

Step 2: Oxidation: Si(OH), — SiO, + 2 H™ + 2¢
Reduction: 2H" +2¢ — H,

Scheme II: Two-step local element reaction mechanism proposed by Jeske et al. (1995) and

Kanungo et al. (2010) for silicon interacting with metal ions.

Applying this hypothesis to the present results, it would appear that the reduction
reaction in the second step was stifled. This is consistent with the observation that the pH, as
well as the volume of hydrogen gas evolved, decreased. This suggests that, instead of H™ ions
being reduced and combining to evolve hydrogen, they remained in solution instead.

Figure 3 showed three distinct stages of hydrogen evolution. The first stage showed a
small quantity of gas being evolved in the first 2 min of the reaction. This was attributed to a
partial blocking of the silicon surface by copper deposits. This reduces the active surface area
available for the oxidation. The copper deposition is accompanied by silicon oxidation which
also contributes to the passivity of the silicon surface. The second stage showed a near linear
increase in H, evolution after the initial passivation. This is possibly as a result of the surface
oxide layer not having attained the minimum thickness required to hinder diffusion of water
to the underlying silicon. Previous work showed that for minimal hydrogen to be evolved it is
essential that a certain oxide thickness be achieved. Since the mechanism of silicon oxidation
involves the diffusion of the oxidant to the silicon surface through the oxide layer (Deal &

Grove, 1965), it is unlikely that copper ions will preferentially diffuse through the oxide layer
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compared to water molecules since water molecules have a higher diffusion coefficient
(Heiser & Mesli, 1993; Tomozawa, 2011). As a result no further decrease in copper
concentration is recorded. The last stage where no more gas is evolved after 30 min indicates

complete passivation of the underlying silicon.

Comparison with previous work

We have previously reported two other methods of suppressing hydrogen evolution from
aqueous silicon powder dispersions i.e. organic surface modification (Tichapondwa et al.,
2011) and controlled silicon air oxidation (Tichapondwa et al., 2012).

Figure 6 shows the amount of hydrogen evolved following a 1 h exposure of neat and
silane-treated silicon powders to distilled water. The slurry was agitated using magnetic
stirring. The neat, i.e. uncoated, silicon powder produced 8.3 + 1.2 mmol Hy/kg Si. Surface
treatment of the silicon powders reduced the amount of H, gas produced. TEOS was not very
useful but the silanes were very effective. The best performance of 0.3 + 0.5 mmol Hy/kg Si
was obtained with Silquest A172 (vinyl tris(2-methoxyethoxy)silane). The worst result was
1.5 £ 0.1 mmol Hy/kg Si provided by Silquest 187 (y-glycidoxypropyltriethoxysilane). This
still represents a reduction of 83% in the amount of H; released over a period of 1 h. The
performance of the other silanes tested here was comparable.

Figure 7 compares the volume of hydrogen produced from neat silicon to that produced
from silicon powders previously heat treated in air at various temperatures. Neat silicon
produced 13.7 + 1.0 mmol Hy/kg Si in one hour when ultrasonically agitated. This represents
a 65 % increase in the hydrogen gas output compared to the result previously reported using
magnetic stirring for the same powder (Tichapondwa et al, 2011). Figure 7 shows a two-step
inhibition process with an initial step decrease to 9.3 + 0.4 mmol Hy/kg Si for silicon heated

at 75 °C. This was followed by a gradual decrease in gas evolved from silicon heated from 75
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°C to 300 °C. The amount of gas evolved from silicon heated at 300 °C is 5.6 = 0.4 mmol
Hy/kg Si. The second step decrease in the H, release rate occurred between 300 °C and 350
°C with the gas evolved decreased further to 2.1 £ 0.2 mmol Hy/kg Si. This represents an
85% decrease in hydrogen gas evolved as compared to the control. Further increases in heat
treatment temperature had no significant effect on the amount of H, gas evolved.

All the three methods investigated: (i) adding organic corrosion inhibitors; (ii) controlled
silicon air oxidation before slurrying; and (iii) adding noble metal cations, proved effective in
reducing the amount of hydrogen evolved. Hydrophobization of the silicon particle surface
by organic silane coatings is clearly the best strategy as it resulted in a 97% reduction.
Controlled air oxidation of silicon at 350 °C for four hours was also effective and led to an
85% reduction. The use of 0.04 M copper chloride solution as the aqueous dispersion
medium for silicon powder resulted in an 80% decrease in the amount of gas evolved.

The effect of the various treatment methods on the reactivity of silicon in pyrotechnic
compositions was tested by differential thermal analysis (DTA) using a Si-PbCrO4
composition. The DTA response curves are shown in Figure 5. The untreated (neat) silicon
gave a sharp exothermic peak with an ignition temperature of about 660 °C. The silane
coated silicon compositions showed a very weak exotherms with an ignition temperature of
around 690 °C. However, a mixture of A172 coated silicon and A187 coated PbCrO4
produced a sharp runaway exotherm. This suggests that both powders should be organo-
modified in order to avoid poor mixing.

The silicon powders heated-treated between 75 °C and 300 °C showed DTA exotherms
with similar shapes and ignition temperatures to that of neat silicon. This indicates that the
heat treatment in this temperature range had no noticeable effect on the DTA response.

Decreases in energy output were observed for samples treated above 300 °C. This trend, of
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decreasing reactivity, correlates with the DRIFT-observed increase in the silicon dioxide
scale thickness.

An overall analysis of the effects of the three treatment methods used on the pyrotechnic
reactivity of the silicon shows that coating both the fuel and the oxidant powders with silane
enhanced the chemical reactivity a Si-PbCrO4 compositions. However, both controlled silicon

oxidation and passivation by metal salt solutions decreased the reactivity of the silicon fuel.

Conclusions

The effect of introducing an additional cathodic reaction to that of water reduction on the
amount of gas evolved was tested. The effect of this silicon treatment on the reactivity of
pyrotechnic compositions was also studied. The use of metal salt solutions was found to be
effective in decreasing the amount of hydrogen gas released. The inhibition effect generally
followed the thermodynamic feasibility trend predicted using the standard cell potentials,
where the metal solutions with the more positive overall cell potential had the greater
hydrogen inhibition effect. The preferential deposition of copper in place of hydrogen
evolution was shown to take place in the initial stages of the reaction only. Therefore
passivation is achieved as a result of accelerated oxidation of silicon due to additional
cathodic reactions rather than competing cathodic reactions.

The effect of the metal salt treatments on the reactivity of silicon in different pyrotechnic
compositions was determined. The chemical reactivity and activity, of a 20 wt.% silicon + 80
wt.% lead chromate pyrotechnic composition, were determined as the DTA onset temperature
and the reaction heat released. The DTA onset temperature for neat silicon was about 690°C.
The onset temperature however increased after exposure to copper metal salts by more than

30°C. The heat release also decreases with metal salt treatment. Open flame tests on a 44
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wt.% silicon + 56 wt.% BaSO; composition showed that 4 day exposure of silicon to
Cu(NOs), retards silicon reactivity as compared to 35 day exposure in distilled water.

An overall comparison of the three methods employed in reducing the amount of
hydrogen evolved from aqueous silicon powder dispersions showed that silane coatings gave
the best inhibiting effect. Silane A172 provided a 97% decrease in the amount of hydrogen
evolved. Silane coating of both the silicon and PbCrOy also resulted in enhanced pyrotechnic
reactivity which was actually higher than the neat untreated powders. Controlled silicon air
oxidation at 350°C and the introduction of 0.04M CuCl, solution as an additional cathodic
resulted in an 85% and 80% decrease in hydrogen evolved, respectively. These two methods
however decreased the pyrotechnic reactivity of the treated silicon resulting in increased

ignition temperatures and decreased energy outputs.
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Table I. List of metal salts used as inhibitors and amount of Cu deposition on Si after

immersion in 0.1 M Cu?" salt solutions.

Metal Salt Chemical formula Copper deposited* (mg Cu/g Si)
Copper sulphate CuS04-5H,0 2.28
Copper chloride CuChL-2H,0 0.61
Copper nitrate Cu (NO3)2-3H,0 0.85
Cobalt nitrate Co(NO3),-6H,0 -
Iron (II) nitrate Fe(NO3)3-9H,0 -
Nickel nitrate Ni(NO3),-6H,0O -
Zinc nitrate Zn(NOs3),-6H,O -
Zinc sulphate ZnS04-7H,0 -
Manganese nitrate Mn(NOs3),-4H,0 -
Manganese sulphate MnSO4-H,O -

Potassium permanganate K MnOg4 -

* Amount of Cu deposition on Si after immersion in 0.1 M Cu”" salt solutions.

Table II. Open flame burn characteristics of 44% Si-BaSO4 pyrotechnic composition

prepared using silicon powders aged for different time lengths.

Exposure time (days) 0 2 4 10 14 21 28 35
Distilled Water I I I I I I I D
0.04 M Cu(NO3); solution I I X D D D D D

** ] = Ignited and propagated; X = Difficult to ignite but propagated; D = Difficult to ignite and did not
gn propag g
propagate

Table I11. DTA reactivity of the pyrotechnic compositions prepared with silicon powders

treated with different metal salt solutions.

Metal salt Onset temperature (°C) Energy output (kJ/kg)
Neat Si 690 284
Copper nitrate (Cu(NO3),) 729 284
Copper chloride (CuCly) 731 278
Copper sulphate (CuSO,) 729 266
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Figure 1. Amount of H; gas released in 1h by silicon powders submerged in 0.1 M metal ion
solution. The solid to liquid mass ratio was 1:2.5. The gas evolved by KMnOQy is probably

oxygen rather than hydrogen.

Figure 2. The effect of Cu(NOs3), concentration on the amount of hydrogen evolved in 1 h of

exposure.

Figure 3. Copper ion concentration, solution pH and amount of hydrogen gas evolved as a

function of time for Si powder dispersed in 0.04 M Cu(NO3);, and ultrasonically agitated.

Figure 4. Rate of hydrogen evolution when silicon is dispersed in 0.04 M solutions of copper

as well as in distilled water.
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Figure 5. The effect of various silicon powder treatments on the DTA responses for Si-
PbCrO4 compositions.
Figure 6. Effect of Silquest silane coatings on the amount of hydrogen gas produced by

silicon powders dispersed in distilled water after 1 h of exposure.

Figure 7. Amount of hydrogen gas produced in 1 h from silicon powders heated for 4 h at

varying temperatures and submersed in distilled water with a solid to liquid ratio of 1: 2.5.
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Figure 1. Amount of H; gas released in 1h by silicon powders submerged in 0.1 M metal ion

solution. The solid to liquid mass ratio was 1:2.5. The gas evolved by KMnOy is probably

oxygen rather than hydrogen.
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Figure 2. The effect of Cu(NOs), concentration on the amount of hydrogen evolved in 1 h of

exposure.
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Figure 3. Copper ion concentration, solution pH and amount of hydrogen gas evolved as a

function of time for Si powder dispersed in 0.04 M Cu(NOs3); and ultrasonically agitated.
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Figure 4. Rate of hydrogen evolution when silicon is dispersed in 0.04 M solutions of copper

as well as in distilled water.
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Figure 5. The effect of various silicon powder treatments on the DTA responses for Si-

PbCrO4 compositions.
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Figure 7. Amount of hydrogen gas produced in 1 h from silicon powders heated for 4 h at

varying temperatures and submersed in distilled water with a solid to liquid ratio of 1: 2.5.
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