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AbstracE

In the prospect of using metals as fuel of breaLhing combustion
engines in carbon dioxide rich planet atmospheres wiEhout oxygen

"rJh 
u" those of Mars and Venus, a fundamenEal study was performed

experimenEally on the ignition and combustion of meLals in an
impinging pure COI gas stream. MeEals select.ed were lithium,
,ugn."irrr- boron ind aluminum, because of t.heir high heaEs of
reiction with C0r. To help the understanding of combustion
processes of Ehe'metals in CO2, the chemical equilibrium
iomposit.ions of reaction producL-s and f lame temperatures were
calculated, and compared wiLh Ehe experimental resulEs.

Li and Mg could ignite spontaneously in the C02 stream. The
ignition process of Li in the c02 stream had two disLinct st,eps,
flrst a surface reaction and t6en a gas phase reaction. This
process r*as found to be similar to Ehe those of Mg and Na in air

"t.e.r", but was different from that of Li in an air sEream. The
spontaneous ignition Eemperature of Li in the C02 stream was much

lower t.han that in Ehe air stream. IE was also foTund that Li burned
in vapor-phase at firsE and then on the metal surface. At the
igniEion in t.he C02 st,ream, the Mg surface lras covered with a
protective film agZinst furEher oxidation, resulting a higher
spont,aneous ignition temperature than that in Ehe air stream. Mg

could burn in vapor-phase. B could not ignite in the C02 sEream,
but the reactions occurred appreciably on Ehe surface. The reaction
rate was quite slow, compared with Ehat in an oxygen stream, and the
molten boron oxide appeared on its surface. A1 could not ignite
within Ehe temperaEure limiEs of our apparatus. However, Lhe
possibility of its ignit.ion and combustion in Ehe C02 stream r*as
demonstrated in a differenL experimenE allowing the aEtainment of
somewhaE, higher temperatures.
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Introduction

In the future an aircraft type vehj-cIe could be used to do the

surveys of the planets Mars and Venus. For the purPose' a propulsion

engine which can work in Ehe planeE atmospheres of the inEerest,,

consisting of carbon dioxide, must, be developed. Earlier, we

proposed a CO2-breaEhing engine using netals as fue11. The

at,t.ractive metals for this purpose are liLhium, magnesium, boron,

and alumi.num, because of their high heats of reaction with C021. As

the first step to develop a conbustor for the engine, the ignition

and combusLion characteristics of these metals in C02 atmosphere

musL be made clear.

Up to the presenE, only linited studies have been made on

ignition and combustion of metals in CO2-inert mixtures or Pure

COr2'3, though numerous experimental sEudies have been done on the

metal ignition and combusEion in 02 conEaining atmospheres. Mellor

and Glassman2 and Merzhanov et a1.3 ignited A1 wires by electrical

heating in C02-A mixtures and in pure C02 streams. They found that

A1 burned in those aEmospheres. However, details of the phenomena

involved in the ignition and combustion have not been made clear so

far. Mellor and Glas"run2 also heated Mg ribbons in the same

mixtures, and observed Ehat. Mg did not burn in the mixtures. The

result may be atEributed to a disadvantage of the wire heating

method Lhat the metal will break before ignition, unless a reaction

product filn over Ehe metal surface supports Ehe metal after the

melting point of the metal is aLtained. For Lhe ignition and

combustion of B, there is no experimental study in C02 aEmospheres

except for the single-parEicle work of Macek and Semp1e4. They

observed Lhat single particles (- 45p) burned even in a hot gas

containing very low 02 and high C02. Some phenomena concerning the
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ignit.ion and combusEion were described in the report, buE they were

not well defined. To our knowledge, no work has been reported on

ignition and combustion of Li in C02 aEmospheres.

The purpose of Ehe present study is Lo obEain some fundamental

information on the ignition and combusEion of Li, Mg, B and A1 in

pure C02 atmosphere. The calculaEion of equilibrium compositions

and flame temperatures of the metal-CO2 systems was performed, and

an experimental investigation on Ehe spontaneous ignition and on the

combusLion of the meEals in a pure C02 stream was carried out. A

sEagnation region of the C02 sEream was used to make the flow field

and physicochemical processes as sinple as possible, and to

facilitate the experimental observation. For comparison purposes,

an air sLream was also used as an oxidizer.

Eo uilibrium ComDositions and Flame Temperatures

The equilibrium composit,ions, involving condensed species' and

flame temperatures of Ehe metal-Co2 systems may help to understand

the combustion processes of the metals. Calculations r'rere made at

aEmospheric pressure for Li and B by the NASA-SP'?73 computer

programJ, and for Mg and A1 by our simple progranl devel-oped for a

personal computer. (The resulLs calculated by t.he simple program

were compared with those by the NASA program, and they were

confirmed Eo agree within the accuracy of thernochemical datr6.;

Met.a1 carbides were not considered in the calculations by both

programs because of their insufficient, thermochemical data (see Ref.

5 and 7).

The calculated flame Lemperatures are shown in Fig. 1, and the

equilibrium composiEions in Fig. 2 against equivalence raLio, where

a sEoichiometric reaction is defined as the reaction in which a
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stable metal oxide and C0 are formed. The flame temperatures of Mg

and A1 with C02 are much higher than those of ordinary hydrocarbons

with air8. The flame Eemperatures of Li and B, on the oLher hand,

are similar or lower than those of hydrocarbons with air. The

reason for these differences is thaE, on a mass base of CO2 or air,

Mg and A1 liberate more heat than B and hydrocarbons. The 1ow flame

EetrperaEure of Li, though iE has a high heat of reaction, is due to

laEent heaEs of vaporization of Li and fusion of Li20. IE should be

noted Ehat, for all of the met,a1s, the reactions with C02 mainly

produce C0 and Eheir condensed metal oxides, and that no carbon

deposition in Mg and A1 flames occurs because appreciable amounLs of

free oxygen are presenL aL equillbriun9. For Li and B, on the

contrary, Lhe deposition occurs on the rich side of the metal-C02

systems as Ehere hardly exisLs free oxygen. The flame temperatures

of Li and B on Ehe rich side vary only slightly with Ehe equivalence

raEio, because of carbon deposition and condensation of metal

vapors. When lhe melt.ing points of oxides are reached, phase

transitions occur and flame temperatures remain constant. These can

be seen on the lean side of Li-C02 system in Fig. 2(a) and on the

lean and rich sides of A1-C02 system in Fig. 2(d).

Experimental Apparatus and Procedure

Figure 3 shows a schematic of the experimental apparaLus used

in Ehis sEudy. A combustion chamber had a horizonEally mounted

resistance heater wit.h a depression at the center, an axially

symmetric convergin g nozzle, and quartz windows, through which the

Xe beam passed, Eo a1low photographic and emission spectrum

observaLi-ons. COZ Bas, after passing through a rectifying screen,

issued from the nozzle wiEh an exiE diamet.er of 30 mm into a
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spherical part of the chamber with a uniform velocity distribuEion.

Throughout, Ehe presenE sEudy, t,he nozzle exiE velociEy of the C02

gas was kept consEant. at 0.5 m/s. The C02 gas impinged on a sample

holder (20 mm in di.ameLer, 10 mm in height), which was situated at

25 mm downst,ream of the nozzle exiE Eo produce a stagnation flow

over it. The holder was made of MgO, and had a depression (10 mm in

diameLer, 3 mm in depth) in which a metal sample was jusL filted

through an exchangeable receptacle, made of very thin molybdenum or

sEainless sEeel (0.02 mm thick) to avoid reacEions between the

holder and Ehe metals. The sample was heaEed through the sample

holder by the heater (75 mm long, 20 mm wide, and 0.3 mm Ehick),

made of molybdenum which does not reacL appreciably with C02. ( When

air was used as an oxidizer, a heater made of Kanthal with Ehe same

dimensions rras used.) The Xe arc lamp with an ellipEical reflecting

mirror (400 mm in diamet.er) was also used for additional heating.

Li, Mg, B and A1 used in Ehis study have the purities of 99.07",

gg.g7,, 99.57", and 99.852, respectively. Li and Mg were obtained in

rod form, and A1 in plate form. They were all cuE to the sample

shape. However, B was obEained in crystal lurnp form (3-5 mm), and

the lump itself was used without cuEting because B was too hard and

breakable Lo make a shape. Just prior to a test run, Li sample was

washed quickly in aceEone, and the others in carbon tetrachloride to

remove oi1 on Ehe surfaces. In a Eest run, afLer the chamber was

evacuated, iE was fil1ed with an inert 8as, usually helium,

someEimes argon, at the aLmospheric pressure. Then, the sample \das

heated in the inerE gas sEream. The Li and the Mg samples were

heated by the heaEer only, and the B and Ehe A1 samples by both of

the heat,er and the Xe lamp t.o obtain much higher temperature. When

the sample temperature became uniform at a predetermined value, the

test run was st,arEed by feeding the C02 gas to sweep the inert gas
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away and expose the sample to the C02 st.ream. The flow rate of the

inerE gas was adjusEed so as to equalize the sample temperature

before and after Ehe gas replacement.

The sample temperat,ure was measured by a Ehermocouple insert.ed

in t.he sample from t.he backside. Chromel-alumel (0.1 mm wire

diameter) thermocouples were used for the Li and the Mg samples, and

a Pr/Pr-13ZRe (0.2 mm wire diamerer) or a I,I-5ZRe/W-26%Re (0.25 mm

wire diameter) thermocouple for the B and the A1 samples. They were

calibrated beforehand by measuring the melting points of the samples

and other standard meEals. Emission spectra were photographed with a

graEing specEroscope via a quart,z fiber light guide. Gaseous

combusEion products were checked by sampling during combustion at

the combustion chamber exit, and analyzed by a gas chromatograph.

fn the presenE study, the definitions of ignition and several

t,emperatures were essenEially the same as in previous sEudieslo'11'

i.e., ignition is defined as the insEanE when a flame appears on the

surface, Ehe iniEial sample temperature Tin is the sample

temperature aE the insEant when Ehe sample is exposed to the C02

stream, Ehe criLical igniEion temperature T., is Lhe lowest Tt, at

which the sample heats up by itself to igniEion, and the ignition

temperature Tt* is the sample temPeraEure at the instant of

ignit.ion.

Experj-mental Results and Discussion

(1) Lithium

Li could be spontaneously ignited in

determine an ignition limiL, the i.gniEion delay

as a function of Trn. Here E6 was defined as

the COZ sEream. To

Eime L4 was measured

the cime elapsed from

the instant when C02 ruas introduced inEo the chamber to the insEant
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of ignition. Figure 4-(a) shows t.he observed t6 plotted againsE

T1n in the C02 stream. The value of t.6 increased wiEh decreasi.ng

Tirr, and when Trn was decreased below a critical value of 340oC, the

ignition did not occur aE least in twenty minutes. This value r.ras

identified as T.r. For Ehe comparisonr E6 in the air stream with

the same nozz1.e exiE velociLy as the C02 stream is shown in Fig. 4-

(b). It can be seen EhaE t6 varied 1ittle with Tinr always being a

few seconds. WiEh decreasing Tin, Ehe ignition limit suddenly

occurred. T., in air, 71OoC, was much higher than in C02.

Figure 5-(1) shows a typical example of Eime variation of the

sample temperature for Li from Ehe inst.ant of the exposure Lo the

C02 stream to the beginning of combusEion. The sample apPearances

aL Ehe instants designated by leLters ttatt to rtdtt on Ehe temperature

curve are shown in the photographs of Fig. 5-(2). In Ehe inert gas

stream, the sample was observed to have a metallic luster surface,

and actively ejected iEs reddish vapor. (Vapor was visible aE the

sample Eemperat,ures abov e 4OO-440 
oC, 

much lower than the boiling

point of Li (1347t).) At the instanE when iE was exposed Eo the

C02 stream, iEs surface was immediately covered with a gray film '
and vapor was no longer observable (Fig.5-(2)-(a)). 0n Lhe other

hand, Ehe sample temperature sEarEed to increase. This indicaEes

that. the exoEhermic surface react.ions occur in the C02 stream. As

Ehe surface reactions proceeded, the gray film began to Eurn black

and several wrinkles appeared on the surface about, time rrbn. AbouL

time ttctr, the wrinkles began to increase in number unEil t.he sample

was completely covered with them. Corresponding to this, the sample

temperature began to increase rapidly. This siEuation wil-1 be

termed tt t.ransit.ionrr. The sample t.emperature at the instant of

"transitiontt was 470-550'C. As the t,emperature increased furEher,

the wrinkles suddenly disappeared, and immediately after thaE, aE
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ttdtt, a bright ye11ow-reddish f lame appeared over the surface,

indicating igniEion. T1, was observed to be 840-890 
oC. 

The average

heat. release rate was esEimated from the t,emperature increase rate

of the sample betneen frEransiEion" and ignit.ion by assuming thaE the

reaction surface area rdas kept constant. It was abouE 40 J/(cm2. s),

insensitive Lo T1rr. This rate was two orders of magnitude larger

than thaE prior to rrtransiEiontt. This suggest.s thaE the surface

reaction mechanism changes drastically afEer rEransitiontt, even

though t,here is evidence thaE the reaction surface area also

increases substantially due to Ehe development of the unevenness of

Ehe sample surface. The observed ignition process of Li in the C02

stream was found to be very similar to those of Mg and Na in the air

streams10,11, which belong to the same group as Li12. This fact

implies that the ignition mechanisms of Mg and Na in Ehe air streams

and that of Li in Ehe COZ stream followed similar ignition

processes. The ignition mechanism proposed in the previous Papers

for the ignition of Mg and Na in the air streamslo'll is that
Ittransitionrr occurs at the instant when Ehe rate limit.ing step

changes from the surface reaction to 02 diffusion through the

boundary layer over Ehe sample surface. This mechanism could be

also Erue in the case of Li in the C02 sEream. In the air sEream,

on Ehe other hand, the sample aPpearances and Ehe sample

temperatures of Li during the ignition process were observed to be

rather different from Ehose in the COZ sLream. In the case of

ignition, no film was apparent on the sample surface, while iE was

exposed t.o the air sLream. Besides, the sample temperature

increased very rapidly from the beginning. The facEs, thaE td was

nearly insensitive to T1n and that T.. in Lhe air stream was much

higher t.han rrtransitionrr EemperaEure in the C0o stream, suggest

t.hat, in the air sEream at below T.., surface reactions form a
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protective film against further oxidation at the beginning, but when

Trn exceeds T.r, the film immediately becomes non-protective or

disappears, resulting in directly exposed Li surface. Consequently,

Ehe OZ diffusion through the boundary layer becomes the rate

limiting sEep for the igniEion process.

DuraEion of flaning combustion in the C02 st,ream was about two

seconds, during which time only small quantit.ies of white smoke were

generaEed. After that, however, Ehe sample continued Eo be heated

red over a period of 20-30 sec. The final products were black and

hard, sticking to the sample holder, differing from the grayish

brown powder products in the case of combust.i-on in Ehe air stream.

Figure 6-(a) shows the emission spectrum of the Li flame with the

identified characEeristic lines. The presence of Li lines indicaEes

Ehat Li was burning in the gaseous phase. C0 was found in the

measured gaseous combust,ion producEs leaving the chamber. This

agrees with Ehe calculation of equilibrium compositions. However,

the measured C0 concenEration was one or two orders of magnitude

lower Ehan the value expect,ed if the whole sample had burned out in

tlro seconds in gaseous phase. These results suggest that most of

the sample reacEed in solid phase to produce solid products,

including Li2C2 or C.

(2) Magnesium

Figures 7-(b) and (a) show the observed 16 plort.ed againsr T1r,

for the Mg sample in the COZ stream and in Ehe air stream,

respectively. In the case of C02 stream, t6 hardly varied with

decreasinB Tin, and when T1n decreased below T.r-851 
oC, th" ignition

did not occur. 0n Ehe other hand, in the air st,ream, t6 increased

substanEially wiEh decreasinB Tin, and T., was 62BoC, which was

close Eo the previously obtained value in the hoL air stream1O. The
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observed value of T., in the C02 sEream was much higher than that in
the air sLream. This suggests Ehat the reaction film formed during

the ignition process in Ehe C02 sEream had propert,ies different from

thaE in the air stream.

Figure 8-(1) shows a typical example of time variaEion of the

sample temperat,ure for Mg from the insEant of the exposure t,o the

C02 sEream to Ehe time when steady conbust,ion was aEtained. The

sample appearances corresponding to leEters ttatl-rtdtr of Fig. 8-(1)

are shown in Fig. 8-(2). Prior to t.he c02 exposure, t,he Mg sample

also ejected its vapor actively. (Vapor was visible above Ehe

melting point of Mg (650'c).) As soon as iE was exposed to the

stream, the sample surface was uniformly covered wiEh a gray

reaction film (Fig.8-(2)-(a)). This was followed by rhe appearance

of a black reaction film (Fig.8-(2)-(b)), with a corresponding

increase in the sample temperature. rn Ehe case of non-ignition, no

change from a gray film t,o a black film occurred. As the

temperature increased due to Lhe exothermic surface reactions with

CO2, wrinkles appeared over the surface abouE time tfcfr, and then the

surface as a whole becane red hot. (Fig.8-(2)-(c)). Finally one or

more incandescent flames appeared locally, which produced ignitio#- (Frr.t{D-(d))
This ignition process was different from that observed in theoair

stream; i.e., just prior to the igniEion, the surface unevenness

disappeared suddenly Eo yield a smooth flat surface of liquid meta1,

and then a reddish purple emission spread over the whole surface

leading to Ehe uniform ignition wiLh an incandescent flame. Tin in
the C02 stream was 950^990 t, which was higher than Tig=840-g70 oC in
Ehe air stream. The average heaE release rate bet,ween ttt,ransitiontt

and igniEion was about, 12 J/(cn2.s), which was insensitive to T1n

over t,he range tested. The value was lower than that of about 20

J/(cm2's) in the air stream. The difference in heat release rate
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is approximately explained by t.he difference in heat of reaction

wiEh C02 and 02. This implies EhaE Mg can reacE with C02 as fast, as

wiEh 02. In addition, the results suggest, the ignition mechanism of

Mg in C02 as follows. When Tr' is lower t,han T.., surface reactions

proceed iniEially Eo form a protective film on the sample surface,

inhibiting further oxidation. (In the presenE study, the composition

of the film was not determined.) 0n Ehe contrary, when T1n is

higher than T.., the film formed in early reaction stages becomes

non-protective. One of the reasons for this may be high enough

pressure of Mg vapor (for example, about 60 mmHg at 850oC). Once Mg

vapor permeaEes Ehrough Ehe film, which is probably porous, COZ

diffusion Ehrough the boundary layer over the sample surface becomes

the rate limiting st,ep because iE is considered to be much slower

than gas phase reactions. This is supported by the observed

insensitivity of td Eo T1n in the C02 stream. While the film is not

perfectly broken, the flames appear locally (as will be shown

below).

After igniEion, the Mg sample continued to burn with several

incandescent flames and with a large amount of white smoke for a

period of 30^40 sec, during which the sample temperat,ure remained

1000-1050oC close to Ehe boiling point of Mg (1107oC). Th" flanes

did noE appeared uniformly but sporadically over the sample surface

as if several volcanoes were bursting into eruptions. This shows

thaE during the combustion the surface was coat,ed with a somewhat

protective 1ayer. fn fact, afEer Lhe test run, a black crust with

white powder was found to cover the sample receptacle, inside of

which no residue existed. The corresponding flame spectrum is shown

in Fig. 6-(b). The atomic lines of Mg and the bands of MgO r/ere

visible, in agreement wiEh observaEions of several other

invesEigaEorsl0'L2'13 for Mg flames in oxid:,ing atmospheres. co
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was found in the combusEion products by the gas analysis of che

producEs. The combustion Eime estimated from the measured C0

concentration is in agreement with the measured combustion times.

Consequent.ly, the results indicate that in Ehe C02 stream all of the

Mg sample burned in gaseous phase to produce C0 and MgO.

(3) Boron

For B, ignit.ion, which was characterized by a rapid increase of

the sample temperature and followed by self-susEained combusEion,

did not occur in the COZ sEream at Tin uP to the LheoreEical

stoichiometric flame temperature (1684oC). However, exothermic

surface reacti-ons were observed. Figure 9 shows a typical example

of sample appearances during Ehe reaction process at T1n=1 6tOoC.

Figure 9-(a) represents the sample (weight: about 0.35 g) just

before the exposure to the C02 stream, showing a clean and rough

metal surface. As soon as Ehe sample was exposed to the C02 sEream'

some whit.e smoke was produced from iEs surface wit.h a change of

color from black to white, wiEh a smal1 atEending temperature

increase of the sample. The smoke vras found to appear when the

sample temperaEure exceeded about 1130-1160oC. The analysis of

gaseous reaction product,s showed that C0 was generated during the

process, suggesting thaE the smoke was 8203 condensed in the

surrounding open space. Therefore, iE is clear thaL surface

reactions proceed in the C02 stream. This is supported by subsequent

observations. As the reactions proceeded, the sample surface

became smooth (Fig.9-(b)); this suggests that Ehe sample surface was

raised to its melting point due to E,he exothermic surface reacE,ions.

The phoEograph shows also that t,here existed many droplets on Ehe

sample surface. They were probably molt,en 8203 failing Eo evaporaEe

from the surface. They had agglomerated to make a pool on the



surface (Fig.9-(c)). It may be inferred that the thickness of the

molten boron oxide layer covering the metal surface remained almost

consEant. due to removal by agglomeraEion and evaporation. Besides,

it. should be noted EhaE even aE Ehis time the sample was almost

identical in size and shape wiEh the original one. It took abouE ten

minutes until all of the sample was consumed. This is in

approximaEe agreemenE with the time estimated from the measured C0

concenEration, indicating that the overall reaction of B with C02

Ehrough the 8203 layer proceeded very s1owly.

The Iow reaction rate in C02 was found to increase i-n air or

oxygen. Figure 9-(d) shows a typical sample appearance during

reaction process in the 02 with the same nozzle velocity. IE can

seen Ehat large quantities of green-white smoke consisting

condensed 8203 were generated surrounding Ehe sample. The B sample

was also melted perfectly and had a metallic surface. The

consumpt.ion tine in the stream was about one minuEe. The

observations suggest Ehat in the 02 the B sample burned in the

vapor-phase, which implies attainmenE of exEremely high sample

temperaEure. UnforLunaEely, Ehe sample temperature could noE be

determined, because of melting of the thermocouple wires. However,

assuming that iEs vapor pressure is similar to that of Li or Mg at

ignition with a flame, Ehe temperature of B may be estimated to be

above 2600"C.

(4) Aluminum

The A1 sample was not igniEed in the C02 stream. The reason for

this was EhaE Ehe sample temperaEure could not be raised high

enough by radiation due Eo high reflectivity of A1. However, we

Eried an additional experimenE, heating an A1 sample directly in a

depression of a sma1l tungst.en heater as high as possible. As a

in

Ehe

be

of
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result, the A1 igniLed and then burned wiEh a very bright-white

flame for a shorE period. Unfortunately, the sanple temperature

could not, be determined due to the breaking of the thermocouple used

as a result of an al1oy reacEion with A1 and the ext,remeLy high

temperature (probably above 2OOOoC).

Conclusions

The present study has revealed the ignition and combusLion

characteristics of lithium, magnesium, boron and aluminum in an

impinging C02 stream as fol1ows.

(1) Li and Mg could ignite and burn in t,he vapor phase in the

C02 stream. B did not ignite, but could considerably react with C02

on iLs surface. (2) The spontaneous ignition temperatures of Li was

much lower in C02 than in air. 0n the contrary, the ignition

Eemperature of Mg was much higher in C02. (3) A1 burned a1so, but

the ignition Eenperature could not be determined. (4) For all the

meEals, condensed metal oxide and C0 were the main producEs of

combusLion. (5) The stoichiomeLric theoreLical flame tenPeraEures

of Mg and A1, nearly 3000 K, are nuch higher than those of Li and B,

which are about 2000 K.
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List tt Figure Captions

Fig. 1. calculated temperatures of metal-cO2 flames

at 1 atm against equivalence ratio.

Fig. 2. CalculaEed equilibri.um compositions of metal-Cg2

flames at 1 atm against equivalence raEio:

(a) lithium, (b) magnesium, (c) boron, (d) aluminum.

Fig. 3. SchemaLic of experimental apparatus.

Fig. 4. IgniLion delay time of lithium against inirial sample

\7, temperature: (a) in a co2 stream,(b) in an air stream.

Fig. 5-(1). Time variation of sample temperature of lithium in a

COZ stream.

Fig. 5-(2). Direct photographs of sample appearances of lithium

in a C02 st,ream. Tirr=471oC.

Fig. 6. Emission spect,ruo of metal-CO2 flanes with identified
characreristic l1nes and bandheads: (a) lithium,
(b) magnesium.

Fig. 7. Ignition delay time of magnesium against. iniLial sample

temperature: (a) in an air stream, (b) in a co2 stream.
\/ Fig. 8-(1). Tine variation of sample temperaEure of magnesium

in a C02 strean.

Fig. 8-(2). Direct photographs of sample appearances of

magnesium in a C02 stream. Tin=g7g 
oC.

Fig. 9- Direct phoEographs of sample appearances of boron:

(a)",(c) ln a C02 streatr, Tin= 1670oC ;

(d) in an oxygen strean, Tir,= 1490 
oC.
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Fig. 8-(1). Time variation of sample temperature of magnesium

in a C02 stream.
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(o )

(c) (d)

Fig. 8-(2). DirecE photographs of

magnesium in a C02 ,

sample appearances of

sEream. Tin=878 oC.

(b)
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Fig。  9.  Direct photographs of sample appearances of boron:

(a)″(C)in a C02 Stream, Tin= 1670° C ;

(d)in an Oxygen stream, Tin= 1490(℃ 。
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