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THE THER1AL CONDUCTIVITY 
OF BORON 

INTRODUCT ION 

£rev1ous work had suggested an extremely low thermal 

conductivity for boron, and no measurement of' this quantity 
had been previously reported. The present investi.ation 

has been solely concerned with measuring such conductivity. 

Of particular interest was an investigation of the effect 

of temperature upon the thermal conductivity undertaken to 

determine lIT this effect is similar to the temperature 
dependence of electrical conductivity. 

InvestiFtion was made of the thermal conductivity 
of amorphous boron powder, both loose and compressed. The 

relation between the bulk density of the powder and its 

conductivity was found. 

Only two samples of amorphous powder, differing in 

boron content, were available. These were employed to 

determine the relation between boron purity and conduc- 

tivity. 



THERKAL CONDUCTIVITY 

ihe flow of heat by conduction is rnathem.tically 

expressed by Fourier's law: 

* - kA 
dx 

(1) 

where d/d is the instantaneous rate of' heat flow; A is 

the area of' the section at riEflt angles to the direction 

of heat flow; -t/dx is the rate of change of tenperature 

with respect to the lenEth of the path; and k is the pro- 

portionality constant Irnown as the thermal conductivity. 

In this general case where both the heat flow and the 

temperature at any point vary with time the process is 

known as unsteady stato heat conduction. In heat insula- 

tion the majority of cases involve no chances with respect 
to time. This process is one of steady state heat con- 

duction, and equation i becomes: 

q*.kA9 (2) dx 

where q is the heat energy per unit time. 

i.he thermal conductivity and the electrical con- 

ductivity f solids exhibit siiiiar behavior. In both of 

these types of conduction there is a distinct and marked 

separation into two classes: conductors and insulators. 

In the two classes the mechanism of conduction is radi- 
caily different. In the case of electrical conduction the 

conductors and insulators differ by a factor of about a 
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million in conductivity, while for thermal conduction the 

factor i.a about a thousand. 

The good thermal and electrical conductors are 

iìostly the metals. A metal is characterized by its ease 

in ioain the outer valence electrons, which in tie 

metallic crystal become the so called t*free electrons". 

It is the flow of these electrons through the crystal 

lattice which results in metallic conduction. The elec- 

trons, becuso of their extrenely small size, surfer 

relatively few collisions with the metal atoms. This 

rapidly moving cloud of free electrons carries the elec- 

trical current throuEh the crystal, and to a great extent 

it transnilts the kinetic energy of heat. As the tempera- 

turc of the conductor is increased the amplitude of 

vibration of the zetal atoms in the lattice will increase 
correspondingly. Consequently, the probability of colli- 

sion between electron and atom is increased, resuating in 

lowered conduct ivity. 

ïhe electrons in tii insulators cannot leave the 

valence orbitais as they are responsible for the binding 

forces in the lattice. Conduction of heat through the 

insulating materials must rely on an entirely different 

mechanism, that of the transfer of iinctic energy by 

Darticle collision. Because the atoms are rrore or less 
ripidly bound in the crystal lattice, the statistical 
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probability for adjacent atome co1iid1n Is very small. 

The transfer or kinetic energy through the crystal by this 

method is a slow process, from a thousand to a million 

times slower than metallic conduction. Then the tempera- 

türe of an insulator is increased the probability of 

collision increases proportionately, and the thermal con- 

ductivity of most all insulators hs been found to increase 

linearly with temperature (9,p.8). 

Thbstances which exist in the solid state but do 

not exhibit crytsi1ine structure are known as iiiorphous. 

This state can be described as that of a percooled 

liquid, one whose viscosity is such that the liquid appears 

as a solid. In the iuorphous state neither the Eeonletrical 

conflEuration nor the tooiogical arranVement of the 

crystal are present. The atomic structure in this state 

is characterized by atoms in a random distribution with a 

random distance separating the atoms. The thermal conduc- 

tivity in the amorphous state should be similar to that of 

an insulator. The random distribution of atoms in the 

amorphous material will, however, decrease the probability 

of collision froni the value in a similar ordered crystal, 

proportionately decreasing the conductivity. Amorphous 

carbon is an exception to conductivities in this state due 

to the presence of free electrons in tbe G6 rings 

(lO,p.383). 



ILEMENTAL BORON 

The element boron appears above aluminum at the top 

of croup Iii in the periodic table. ihe atom has three 

valence electrons in the L shell which, because of their 

proximity to the nucleus, cannot be removed. boron cannot 

act as a metal and it is forced to try to fill the octet, 

this beinr accomplished in sorne cases by "protonated" 

coordinate bonds. 

The element exists in both the iorohous and 

crystalline states. Amorphous boron is prepared commer- 

daily by the reduction of the oxide with mapnesium 

accordinE to the equation 

B203 + 213 + 31O () 

yielding; a dark brown, finely divided powder which contains 

from 70 to 8O boron. The crystalline state has been pro- 

duced in the laboratory in very small amounts. 

eintraub made a crystalline substance which he 

thought was elemental boron but which was in reality the 

compound A11312 (13,pp.299-301). 11e measured its electrical 

conductivity and reported that it increased by a million- 

fold between 20 and 600 0C. (12,p.107). Laubenayer was 

able to deposit pure crystals of boron on a tantalum f ila- 

ment in a chamber contaminE B13r3 and hydrogen (8,pp.1924- 

1931). The electrical conductivity of these crystals did 



not exhibit the remarkable temperature effect retorted by 

keintraub, but the electrical conductivity did increase a 

hundred-fold within the same rance. The e1ectrica con- 

ductivity of the amorphous boron (reported to be 99%+ 

boron) has been measured (5,p.11lO). The specific 

resistance at 40°C, is 1.5 x 106 oIm-cm. and at 1000C., it 

is one-tenth of this value. Ihe electrical conductivity 

of boron is about one millionth thtt of aluminum. 



7 

AFPAR!tTUS FOR i4EASUFING THEEWLAL CONitJCTIVITY 

The A.S.T.i. guarded riflE plate method for measur- 

; thermal conductivity (A.S.T.M. de3lEnation Cl77-i5) 

was employed in the present investigation (2,pp.6-14). 

For the most accurate results this method reauires the use 

of two samples identical both in size and composition. 

:hen two such samples were used the Drinciples or 

this method were: 

1. ihe micarta heat mE r.late shown in fiure 2 

was *ndwiched between the two identical 

specimens. It was assumed that their con- 

duct,ivitiee were equal. 

2. by means of a suitable controller (f iFure 4) 

the temoerature of the guard rina and the 

main heater were kept equal. Accord1n to 

equation (2), when this condition was rea- 

lized no heat flowed iEterally alone the 

plate, and ail the heat must flow perpendi- 

cular to the surface of the micarta plate. 

Furthermore, because the two specimens were 

assumed to have equal conductivity, one-half 

of the heat was assumed to flow through each 

siec imen. 

3. The effective area throuEh which the heat 
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flow was measured was the central portion 

having: a diameter of 5.438 in. as deter- 

mined by the position of voltmeter tap. 
r.Lhe electrical rower measured across this 

portion of the main heating coil was the 

equivalent of the heat flowir throuFh 

the specimens. 

4. The temperature of the warm surface of the 

specimens was determined by thermocouples 

embedded in the surface of the micarta 

plate. The cold surface temperature of the 

secimeno was deter.nined by thermocouples 

embedded in asbestos sheet with the thermo- 

couple junctions in contact with the 

specimen surface. 

5. The cold sides of the specimens were kept 

at a constant temperature with copper cool- 

mE: plates through which constant tempera- 

ture water was circulated. 

One of the cuantities in equation (2) applying to 

each specimen was the heat flow per unit time. This was 

assumed to be one-haif of the total heat flow if the 

specimens :ere identical. In the case when not enough 

material was available to suuply two similar secimens the 

above method was amended in the following manner: 
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6. The inicarta heating plate was sandwiched 

between two disirnilar specimens, one of 

which had been previously employed in the 

foregoing procedure. The thermal conduc- 

tivity of this latter 3pecl.men was known 

at all temperatures, and the heat flow 

through this specimen was directly calcu- 

lable. This amount of hect, when sub- 

tracted from the total heat intut, enabled 

determination of the heat which flowed 

through the other specimen. In this latter 

procedure the accuracy of the experiment 

was reduced, but no other method seemed 

possible. 
Construction and specification of a guarded ring hot 

plate are desertbed by the A.S.T.. (l,pp.l-6). The high 

temreratures for which this plate was designed were un- 

suitable for the present investigatioii, s o tue alundu 

plate material described was replaced with nicarta. The 

latter material i9 satisfactory at temperatures below 

300°F., and is easily machined. The guarded riflE hot 

plate assembly used in the invostigatlon i shown in 

figure 2. 

Construction of the hot plate began With two blanks 

of micarta, 7 in. in diameter and 3/16 in. thick. They 
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were machined into two circles with smooth, flat surfaces. 
Into the surface of one plate was cut a spiral eroove 

having ten turns to the inch. It had a depth and width of 

0.032 inches so that a number 20 Nichrome wire could fît 

flush with the surface. The second circle was turned down 

until material equal to one-half the thickness of the wire 

was removed; thus when the two plates were cemented 

toEether the wire was located centrally between their 

outer surfaces. 

*finding. the Erooved circle with the wire presented 

considerable difficulty due to the springiness of the wire. 

It was necessary to construct a ji which held down the 

wire in the Eroove. Two turns were wound at a time, 

cemented in with :3aureigen cement, and dried overnight at 

1500F. When both the main coil and guard coil were in the 

:rOove the two halves were clamped together and cemented 

with the same material. The clamped plate was dried in 

the oven at 1500F. for two weeks since the cement would 

conduct electricity if not dry. The cemented plate was 

then lapped on both sides to a flat surface. 
)ix thermocouples were cemented in shallow grooves 

in the surface of the plate with the junctions flush on 

the surface and in contact with the specimens. The ther- 
mocouples were made from number 30 matched pair copper- 
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constantari wire1. They were previously calibrated at the 

boi1in pointe of alcohol and water. Two ßlmHar thermo- 

coupleß were inta11ed In 7 In. circles of 1/16 in. 

asbestos. An additional thermocouple of the same manufac- 

ture was used as the reference temperature in an ice bath 

reported to be accurate to ± 0.00050?. (3,p.80). The 

thermocouple voltage was measured with a "student" 

Potent lometer. 

The two coolinE plates were ¡nade from 3/8 in. 
copper plate, he inside space between the surfaces beinE 

1/2 in. Cooling water flow was controlled by needle 

valves. A temperature regulated water bath was first used 

uith the cooling plates, hut the temperature regulator did 

not ;erform satisfactorily. subsequently, tap water .t 

about 50°F. was circulated throuE,h the plates as the water 

temperature variation was not in excess of' 1/20F. durinE 

a run. 

The heat input to the specimens was calculated from 

the voltmeter2 and ammeter3 in the main heater circuit. 

The power consumed in the voltmeter was taken into account 

when computing the heat equivalent of the electrical power. 

Power measurin instruments for the range used in these 

leeds and Northrup Co. Spool 70783-22. 
2 ('-eneral Electric iodel i)I2. Accuracy: 0.2. 
3 .eston odel 45. tccuracy: 0.3%. 
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experimente aro riot considered satisractory. Ue of 
iternatin current in tlie main heater would necessItate 

a constant voltage transforner, but these tranforers 
alter the power factor and introduce abnormalities which 

prevent their use. The power ut::ly used, which consisted 

of three 24 volt batteries, proved very satisfactory. 

The temperature control between the guard nnE and 

the nialn heater Is vital to the accuracy of the experiment. 

p method of control was used which limited the maximum 

temterature difference to O.070F. Any temperature cJIf- 

ference was sensed by the differential thermocouple 

(flEure 3) and applied to a sensItive torsion -alvanometer. 

A light beam shininE on the galvanometer was caused to 
shine on the photocell which activated the controller relay 

shown in figure 4. The controller re?a shunts a rheostat 

in the guard ring circuit. Careful adjustment of this 

rheostat and the other one in this circuit faci1itted the 
fine temperature control. Any pair of thermocouples could 

be used differentially, or more than one pair could be 

connected in series to increase the sensitivity. A switch 

was included to remove the differontal connectIons when 

the thermocouples were connected to the potentiometer. 
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EXPERIMENTAL PROCEDURE 

The size of the specimens acceptable for use In 

the decr1bed apparatus must be a minimum of 7 In. in 

diameter and i in. thick (13,p.42). The prepar8tion of 

pres9ed boron powder of these dimensions necessitated the 

fabrication of the die shown in fiFure The outside 

r1n was made from seamless tubing, The ram was turned 

from a piece of railroad axle. The clearance between 

them was 0.005 In. 

An amount of amorphous boron powder calculated to 

produce a specimen about one inch thick was weighed and 

dried In an oven at 60°C. for five hours. The same amount 

was similarly prepared for a matching specimen. The die 

was made ready for pressing by coating the inside of the 

ring with stearic acid in benzene and the outside of the 

ram with molybdenum sulfide in oil; both to prevent stick- 

Ing. The assembled die with the boron inside was positioned 

in a testing machine capable of exerting 600,000 pounds 

force, which is about 13,OOC psis. for the described die. 

The applied load was held for 15 minutes and then the 

pressed specimen was removed from the die. Gently handling 

the pressed brick allowed transferring to the hot plate 

apparatus without fear of breakage. )ome loss of !aterial 

at the edFes of' the bricks was experienced, but not close 

to the central portion. 



14 

The thickness of the specimens was measured at 

four or five places on each face with a micrometer dial 

sage which was accurate to 0.001 in. The averace of the 

eight or ten measurements was taken to be the thickness 

of the srecimen. The area at right anFles to heat flow 

was accurately known from the placement of the voltmeter 

tap. 

The complete guarded rinF hot plate assembly with 

the two boron scecimens hi place is shown in fipure 6. 

It was placed in a sealed wooden box covered with asbestos 

sheeting on the in3ide walls. irther protection from 

stray thermal currents was afforded by mafnesia meula- 

tion surroundinE the assembly. .he calcium chloride in 

the sealed box was to atsorb water vapor which miht other- 

wise have condensed out on the cold cooling plates. 

To start a run the batteries were set and math- 

tamed at a constant voltae. The coo1in water was 

turned on as was the guard rina and associated circuits. 

After three hours thermal equilibrium was close enouFh so 

that fine adjustment of the controller rheostat was 

feasible. After a period of about twelve hours to one day 

the complete assembly reached steady state as determined 

by a variation of the thermal conductivity of not more 

than 1 in the next five hours. If this condition was not 

attainable the best five hour period was chosen. Readings 
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were taken at on hour intervals dur1n the five hour 

test I:;eriod. 

TIte first run was a standardization made with two 

identical ebonite plates previously calibrated by the 

EJureau of 3tandards. The results of this run met all the 

.S.TJi. specificatIons for thc method, arid the value 

found was 2.1% greater than the calibrated valuo. 

A series of measurements was then made on a Bet of 

two siniilar secimons made from boron powder which 

analyzed 59.% total boron. The reitainder was assumed to 

be the oxide, B203. 

The other powder used was a high £rade laboratory 

product analyzinE 90,6% total boron with the saine assumed 

contaminant4. Only 190 rains of this powder was avail- 

able, and only one specimen could be preced from it. 
Consequently, the alternate procedure previously described 

wasused in conjunction with a specimen of the 59.4% 

boron. 

4 ioon malysis by the kacific Coast Borax Company. 
High purity material suptlied by Pacific Coast Eorax Co., 
Los Angeles, Cal.; low purity by F. W. Berk Co., 

Woodride, N. J. 
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1XPERThNTAL RE ULTS 

The mechanical propertio of the boron speciena 
used are shown in table 1. 

Table 1 

iechanical Fropertice of the pecimens 

3peci- boron Die Thick- Bulk True Void 
¡non Con- Pressure, ness, ensity, Density, 3pace, 
Number tent, psig. Inches lb/cu ft lb/cu ft 

lA 59.4 0 1.001 28.85 152.4 81.8 
:L 59.4 C 1.000 28.85 152.4 81.8 

2A 59.4 4,330 1.139 64.18 152.4 57.8 
213 59.4 1i,33O 1.137 64.16 152.4 57.8 

3À 59.4 7,225 1.043 67.55 152.4 55.6 
3B 59.4 7,425 1.043 67.55 152.4 55.6 

4A 59.4 12,376 0.922 75.34 152.4 51.4 
4B 59.4 12,376 0.916 74.00 152.4 51.4 

lo 90.6 0 0.715 23.55 178.7 86.9 

11 90.6 7,425 0.251 65.55 178.7 63.3 

12 90.6 12,623 0.230 67.53 178.7 62.2 

The experimental quantities measured in determininE 

the thermal conductivIty are tabulated in table 2. The 

power represents the equivalent of the heat input er unit 

time to the speciaens. The effective rrea of test specimen 

was the central portion, which had an area of 149.854 

sq. cm. 



Table 2 

Tabulation of Experimental Data 

Run Upper Lower Power t Upper t Lower tm Upper tm Lower 
5;eci- Speci- Input) Specimen Specimen Specimen Specimen 
men men I&tts1 °F. °F. °F. °F. 

k Upper 
Specimen, 
B.t.u./(hr.) 
(sq.ft.) 
(°F./f t.) 

k Lower 
Specimen, 
13 t u. / ( hr.) 
(sq.ft.) 
(°F./ft.) 

2 12.806 li.8.71 Th9.fl 90.39 9O.5 O.1013 O.lOL2 

1.0 L& 113 5d5 16S.76 165.S5 ll)4.5S 110.89 O.O38 0.0360 
1.1 11.029 293.18 297.07 179.62 176.16 0.0366 0.0367 
1.2 7.960 223.78 226.9L. ]J.j5.3 112.29 0.037 0.0360 

2.0 11.621 168.85 168.93 ]J.i.9.27 l0.17 0.083 0.08S1 
2.1 2A 2B ll.6 173.30 171i.61 113.83 ll.l6 0.0823 0.0813 
2.2 21.076 292.78 29I.28 173.21 176.S0 0.0810 0.080 
2.3 21.115 29S.05 296.31 212.S6 216.30 0.080Li, 0.0800 
2.L 5.923 107.0L 107.19 118.32 119.53 0.0796 0.0793 

3.0 S.791 87.51 87.17 7.58 7S.51 0.0960 0.0966 
3.1 11.2 1L2.38 )J42.9S 103.OS 103.12 0.0962 0.0969 
3.2 3A 3B 20.319 238.53 237.61 153.05 l5l.2 0.0905 0.0908 
3.3 2.9L5 aL.97 6.67 62.29 6idi 0.0862 0.0871 
31j4 20.319 239.!6 235.10 12.8 151.09 0.0900 0.0907 
3.5 11.28 1l.7 151.00 109.96 109.13 0.0887 0.0890 
3.6 29.818 3)4.21 3Lo.88 205.lh 200d6 0.0878 0.0888 

L.2 S.912 72.90 106.16 i0.I6 0.1135 0.1173 
14.3 ;.3b7 72.09 71..0 6.76 63.97 0.1093 0.110t 

L lB 18.329 166.73 166.2 157.18 153.7S 0.1107 0.1103 
28.053 2h9.69 2LL.61 205.10 198.1.3 O.iOI8 0.1066 
5.390 75.97 76.03 72.88 71.06 0.0998 0.0991 



Table 2 (Cont'd.) 

1o.]_ ll.76 178.3L l78.3L 120.72 1l9.81 0.0388 
10.2 10 3B 19.0!2 70.70 70.S2 68.iU. 68.27 0.0360 
10.3 2.9f.l 268.79 268.76 168.71 167.11 0.0399 
io.I 6.526 116.10 11,.7I 90.60 90,86 0.0380 
io.; 23.093 32S.L9 321i.32 199.03 198.73 

u.0 4.)49 149.35 53.30 58.76 S9.27 0.0891 
11.1 11 3B 12.506 80.96 90.28 81.23 0.0876 
11.2 23.061 93.32 107.76 101.03 1OS.66 0.0867 
11.3 3L.833 ih5.So 165.20 131.32 133.02 0.0835 

12.0 12 3B 12.li81 69.55 l3h.L6 126.71 95.]J 0.0C17 
12.1 25.620 1Th..22 23L.L8 170.71 ]J5.I49 0.0780 

Corrected for power corLsumtion in the voltracter. 
2 Ebonite plates calibrated by the U. S. Bureau of Standards. Calibration value: 

0.10Ii2 B.t.u./(hr.)(sq.ft.)(°F./ft.). 

0.0886 
0.0877 
0.0895 
0.0881 

0.0875 
0.0879 
o. 086b 
0.0889 

0.0882 
0.0891 

(D 
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iho thermal conductivity as determined for the 

different specimens is presented in table 3 srìd is ex- 

pressed in terms of the renerally accepted form (9,p.9): 

k k0(l + at) (4) 

where k0 is the conductivity at 0°F. in 13.t.u./(hr.) 

(sq.ft.)(°F./ft.), and a is the temperature coefficient 

of the eonductiviti in reciprocal °F. 

Table 3 

Tabulation of Results 

Boron Bulk Oensity, k0 x 10 

Content, (lb/cu.fti i.t.u./(hr.) OFl 
(sq.ft.)(°F./ft) 

59.4 28.9 0.0346 2.96 
59.4 64.2 0.0797 1.57 
59.4 67.6 0.0864 2.14 
59.4 75.3 0.1058 1.51 

90.6 23.5 0.0344 10.0 
90,6 65.6 0.0916 - 6.28 
90.6 67.6 0.0940 -11.1 

2he experimental data was analyzed by the method of 

res idual summat ion. 

Following run number 3.2 the conditions were corn- 

pletely chanFed for 3.3, and then for run 3.4 an attempt 

was made to reproduce run 3.2. Runs 3.2 and 3.4 coincide 

within 0.3%, from which it was inferred that the conditions 

for any sinEle run could be duplicated within the expon- 

mental error. 
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DISC1J33ION OF PJSULTS 

The conduction of heat through a powdered m.teri1 

is not a simple proceis. The transfer of heat through the 

material occurs by these inechanisnas: conduction of heat 

through the solid particles in the rowder; conduction 

through the gas filling the interstices; radiation from 

tartic1e to particle; and convection in the gas pockets. 

The radiation contribution is only important at high 

temperatures such as encountered in refractories, while 

tie convection effect is limited to owders in which the 

s cells are of appreciable size. Neither of these last 

two effects are of consequence In the resent investiga- 

tion. 

ihe thermal conductivity measured in the ìresent 

experiments is an apparent conductivity rather than the 

true conductivity of the solid boron. This apparent con- 

ductivity will be designated ka. If the conductivity due 

to the solid material is k8, and the conductivity due to 

the gas is k, then: 

i i +1 
ka k3 kg 

(5) 

which is analagous to the electrIci conductivity of two 

conductors in parallel. 

To solve equation (5) for k9 it Is assumed that 
the solid boron particles form a continuous phase in which 



is disDersed spherical voids filled with air. if the 

volume occupied by the air is VE and by the boron par- 

ticles is V9, then the volume of voids is given by 

VE + Va 
F 

I 
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The apparent thermal conductivity of the powder is then 

given by the following equation which was originally 

developed by Maxwell (6,p.85): 

k 
1-(l-ak/k9)b 

7 --.9 1 + (. - l)b 

where a 3k3/(2k9+kE) and b is defined in (6) above. 

This equation is reported to be valid up to 

b 0.5. In most cases k is small oomtared to k5. Then 

equation (7) simplifies to: 

k k 1-b 
a s b,[2 

which can be used as a first approximation for k9 if this 

is not the case. 

The void space in the boron powders was obtained 

from a knowledge of the bulk density, the true density of 

the boron, and the density of air. he bulk density was 

ca] culated from the weight of boron powder used to prepare 

the specimen and the iieasured thickness and diameter of 

the specimen. The true density of the boron material was 

determined by the pycnometer method, with the boron 
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suspended in absolute alcohol. The density of air st 

0°F. was interpolated from literature values and found to 

be C.0G129 ./cu.cm. (ll,p.363). The thermal conduc- 

tivity of air at this temperature was taken as 0.0140 

B.t,u,/(hr.)(sa.ft.)(°F./ft,) at 0°F. (9,r.391). 

ihe values of k8 were calculated from ecuation (7) 

usine values of ka at 00F. from table 3. These calcula- 

tions are summarized in table 4. 

jable 4 

Calculated Thermal Conductivity of' Boron, k9 

Bulk ensity, Boron Content, k9, 
lb/cu.ft. L.t.u./hr.) 

(sr.ft,)( F./ft.) 

28.85 0.267 
64.17 59.4 0.244 
67.55 0.250 
74.17 0.263 

23.55 0.376 
65.55 90.6 0.329 
67.58 0.327 

The variations in the values seen in table 4 are 

probably due to use of equation (7) in the ranEe where its 

validity becomes doubtful. The value found for k9 is in 

itself an apparent conductivity; that of elemental boron 

and the impurities associated with it. 

Equation (7) predicts an increa:e in the conduc- 

tivity with decreasinE void space. ihe decrease in void 
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space was effected by increasing the pressure used to 
compress the poi:der. This -eneral trend was evidenced by 

the 59.4 boron powder as shown in f igure 8. The behavior 

of the 9O.6 boron at the highest bulk densities, as 

shown in f iure 10, is explained in light of the failure 

of equation (7) to predict peculiar behavior previously 

recorded for the thermal conductivity of silica e1s 

( 7, pp. 658-662) 

The conductivity of various sizes of these silica 
e1s was measured in an apparatus which enabled the 

investigators to lower the pressure of the air in the 

interstices from atmospheric to 0.0001 mm. At atmos- 

pheric pressure the thermal conductivity of the 100-200 

mesh silica, the smallest size used, was Eroater than the 

larger sizes. As the pressure was reduced the conductivity 
of the finest powder slowly declined, until at 1.0 min. it 

suddenly dropped below all the larger sized particles. 

At the point where the conductivity suddenly 

dropped the observers concluded that the mean free path of 

the air molecules in the gas spaces had become treater 

than the averare distance between the particles. If this 

condition is realized then there is but a small chance that 

a single as molecule would hit another as molecule. 

These molecules would be engaged in elastic collisions 

with the particle wafls, a process which does not allow for 
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conduction of heat through the as (6,p.89). At pres- 

sures lower than 1.0 rn. the conductivity of the larger 

silica particles exhibited the sorne behavior. 

In the resent investliation it is postulated that 

for the 90.6 boron at high pressures a situation existed 

which was analaFous to that. in the silica e1s. At high 

preßsures the purer boron particles were close enouEh 

toEether so that the mean free path of the air molecules 

was eater than the particle separation distance. 

Observ'tion under a microscope revealed that at least 50% 

of these particles had a maximum dimension less than 2 

microns (1 micron l0 cm.). .dditiona1iy, the particles 

tended to break up when subjected to abrasion. At 32°F. 

the mean free path in air at one atmosphere is 0.1 micron 

(14,p.96). At high die pressures where the boron Particles 
were forced into close proximity it does not seem un- 

reasonable to assume that the averae particle separation 

was less than the mean free path of the entrapped air 

molecules. 

The 59.4% boron did not have 50% of the particles 

under 2 microns in maximum size. Further, the larFo amount 

of 13203 or other unknown oxL.les probably in this material 

might have prevented the particles from breaking up while 

in the die. These conditions prevented the less pure 

boron from exhibiting any unusual behavior at the minimum 
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prtic16 separation realized in the present experiments. 

When the meen free path effect was obtained, as in 

runs 11 arid 12, heat conduction due to the air had dis- 

appeared. Aß can be seen froni equation (5) the apparent 

conductivity nieasured for these specimens wes actually 

the conductivity of the 9O.65 boron material. Since tIere 

was no contribution from the sas, the thermal conductivity 

of snecimens number 11 and 12 should have been independent 

of their bulk densIty. 
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UMbIARY 

The measured thermal conductivity of amorphous 

powdered boron was found to run between 0.0344 E.t.u./ 

(hr. )(eq.ft.)(°F./ft.) and 0.1058 E.t.u./(hr.) (sq.ft.) 

(°F./ft.) at 0°F. for specimens which had bulk densities 

ranting from 23.5 lb./eu.ft. to 75.3 lb./cu.ft. 
An amorphous boron powder which analyzed 59.4 

total boron had an avera:e temperature coefficient of 

thermal conductivity of +2.C4x104 o:1. The other 

amorphous boron powder investiEted analyzed 90.6 total 

boron. It had a temperature coefficient of +10.0x104 

0F'l at ita lowest bulk density and an average coefficient 

of -8.7x104 OFl at hither bulk densities. The peculiar 

behavior of this material was attributed to an effect 

encountered at hig.h forminE pressures where the particles 

were squeezed close enouEh together so that the average 

particle searation was less than the mean tree path of' 

the entrapçed cas molecules. 

The thermal conductivity of the solid material 

(elemental boron plus several boron oxides) was calculated 

to average 0,256 E.t.u./(hr.)(sq.ft.)(°F./ft.) for the low 

purity idaterial and 0.344 L.t.u./(hr. )(sq.ft. )(°F.,'ft.1 
for the high purity material. 
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SAMPLE CALCULAT IONS 

Thermal conductivity run 3.0 

Thickness of specimen 3A 1.043 in. 

lest area 149,854 cm. 

Voltmeter 8.500 volts 
Ammeter 0.673 amps. 
Voltmeter internal 
resistance 4892.5 ohms 

Total input watts 
8.500 x 0.673 5.806 watts 

lower in voltmeter 
(8.500)2 

0.015 watt 4892.5 

Net power input 5.791 watte 

Power input for each specimen 

X 5.791 2.896 watte 

Average temperature - warm 
face of specimen 3A 39.63°C. 

Averare temperature - cold 
face of specimen 3A 8,72°C. 

verage temperature drop 
across specimen 3A 30.91°C. 

Average mean temperature 
of specimen 3A 

. 

X (39.63 - 8.72) 24.18°C. 



AveraEe thermal conductivity of 
specimen 3É t 24el80C. 

or 

¿2 

2.896 x (1.o43)2.54o) X 
30.91 1.656 x ifl-3 

;ctts C!L. 

cm2 0C 

1.656 x 10-3 x 57.81 0.0957 E.t.u. ft. 

hr. ft2 0F 


