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FOREWORD 

This work was performed by the Southern Research Institute under 
LEAF Contract No, AF 33(616)-6312. The contract was initiated under 
Project No. 736°t "Chemistry and Physics Materials*"Task No. 73603, 
"Thermodynamics and Heat Transfer," and was administered under the 
direction of the directorate of Materials and Processes, Deputy for 
Technology, Wright-Patterson Air Force Base, Ohio with Mr. Hyman 
Marcus acting as the project engineer. 

This report covers work conducted from I5 March I959 to I4 
November i960. 



ABSTRACT 

The heat capacity, thermal expansion, and thermal conductivity 
were measured for thirteen different refractory materials, including 
ATJ graphite, tungsten, four nitrides, two borides, a silicate, and four 
carbides. The temperature range was from 500° F to 5000° F. 

The heat capacity was found to vary considerably with temperature 
and to demonstrate marked inflections at specific temperature ranges. 

The thermal expansion parallel with the press direction was found 
to be in the range of 3 x 10 6 in. /in. /° F and to vary significantly with the 
prior thermal history of the specimen. At temperatures within about 
1000 F of the melting or deterioration range, the motions of the materials 
generally increased considerably. 

The thermal conductivity perpendicular to the press direction was 
found to be generally of the same value for materials of the same family, 
viz., the nitrides or carbides. The prior thermal history had a marked 
influence on the resulting values. 

0 Considerable information was obtained on the performance of 
5000 F furnaces with graphite heaters, high temperature thermocouples, 
optical pyrometry, and the behavior of specimen materials in these 
5000° F environments. All materials except a few failed at considerably 
below the handbook values for their melting or deterioration temperatures. 

PUBLICATION REVIEW 

This report has been reviewed and is approved. 

FOR THE COMMANDER: 

Chief, Thermophysics Branch 
Physics Laboratory 
Materials Central 
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THE THERMAL PROPERTIES OF THIRTEEN SOLID MATERIALS 
TO 5000s F OR THEIR DESTRUCTION TEMPERATURES 

INTRODUCTION 

This report covers the measurement of the heat capacity, thermal 
conductivity, and thermal expansion of thirteen solid materials from 
temperatures ranging from 500° F to 5000° F or to the temperature at 
which the material deteriorates, whichever is lower. In the course of 
this work, techniques were developed for reliable furnace operation at 
temperatures slightly greater than 50000 F. Methods were also developed 
for measuring the thermal properties of refractory materials at these 
temperatures. Of considerable interest in this work is the data showing 
the behavior of some of the refractory materials at these extremely high 
temperatures. This material behavior not only influenced the thermal 
property data to a great extent, but also indicated some of the 
difficulties that might be encountered in structural applications of these 
materials. 

In this report, the equipment that was used in the thermal property 
measurements is described in considerable detail. The techniques for 
measuring temperature and the calibration procedures are also described. 
Properties of the materials are also given where they are available. 
Chemical analysis of the samples will be made under a subsequent 
contract and that parameter related to the observed thermophysical 
properties. 

THE 5000a F FURNACES 

The furnaces used in the thermal property measurements were 
designed, built, and operated by Southern Research Institute prior to 
initiation of work under this contract. During the work, many improve¬ 
ments were incorporated to extend the temperature range and improve 

Manuscript released by authors November 1960 for publication as a 
WADD Technical Report. 
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the heater life. At the conclusion of the work, four furnaces were 
available with two of one type capable of operating under pressure or 
vacuum and two of a second type capable of operating only at atmospheric 
pressure. The latter are very flexible and permit rapid heater changeout 
in a few minutes. Details of both types of furnaces are shown in 
Figures 1 and 2. All furnaces can operate at oyer 5000° F on heating loads 
that do not drain excessive heat from the furnace. This condition causes 
the heater temperature to exceed approximately 5500° F and results in 
almost complete loss of strength of the graphite so that the heating element 
breaks. 

Three methods of insulating the furnaces were used. First, the 
graphite heater was surrounded with molybdenum reflection shields to take 
the major temperature drop. This system was effective with the 15 shields 
providing about a 150 F drop each; however, the maximum temperature 
limit of the reflector materials limited the maximum allowable furnace 
temperature to about 4000° F. Second, the graphite heater was 
surrounded by a zirconia inner tube with zirconia grog in the inner 
annulus. This arrangement was excellent to 4500° F; however, at 
4800° F and above, the zirconia inner tube melted. A tungsten liner in 
the zirconia inner tube did not extend the upper temperature limit. 
Third, the graphite heater was surrounded by a thin wall graphite inner 
tube with lamp black in the inner annulus. Repeated runs to 5000° F to 
5200 F showed no damage to the furnace parts with this arrangement; 
however, the heat loss was higher by perhaps 10%. 

The heater design was rather thoroughly investigated. A simple 
slotted tube was an effective heater configuration, but provision had to be 
made to provide for thermal expansion during a run by permitting the 
electrodes to move. A helical carbon heating element permitted the use 
of fixed electrodes without introducing serious handling or cost problems. 
The electrical design of the heater was found to be very important. 
Using configurations requiring low current and high voltage (150 amps 
and 70 volts, respectively), the current would rise sharply at 4000° F 
furnace temperatures suggesting a current bypass in the ionized gas 
around the heater element. At higher currents and lower voltages 
(700 amps and 15 volts, respectively), the current bypass was not noted 
and the furnace temperature increased with input power at a fairly 
uniform rate to over 5000° F; see Figure 3. 

Generally, CS graphite as produced by National Carbon Company 
was used for the heater element. Different batches were quite different 

WADD TR 60-924 2 
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Figure 1. Schematic Cross Section of Numbers 1 and 2 5000° F 
Furnaces Employing Helical Graphite Heaters and 
Pressure and Vacuum Capability. 
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Figure 2. Schematic Cross Section of Numbers 3 and 4 
5000° F Furnaces Employing Tubular Graphite 
Heaters for Atmospheric Pressure Operation. 
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in electrica1 properties, machineability, and apparent texture so that 
some changes in heater design were required between batches. 

nr-n Zirc°nia end Plugs and spacers around the heater and inner tube 
proved to be effective. Generally, the graphite and zirconia were 

beZa3500“ F nTPerarre ^ ^ C°ntaCt P°ints was keP‘ below 3500 F. Deterioration of the zirconia resulting from the carbon 

?e ga! phase was aot excessive. If the two materials were 
permitted to contact physically within a zone at over 3500° F then the 
deterioration of the zirconia was quite rapid. ' h 

Ä" af,er a ru" '”d“-ed J 

and ni^rntMPUrgegaSJeS Were ernpl°yed> including helium, argon, 
was selected asNthra30r dlfference in Performance was noted so helium 

as selected as the primary purge. This gas was dried by a desiccant 
but no serious effort was made to further clean it since the heater life ’ 

:;~yreedd. SatiSfaCt0ry- USUally’ PUrge rateS 0f ab-‘ 5 to 20 Ífh 

WÜ1 bZeterminerTh1 ^ Chemistry °f the ^ the hot zone 
carbon vapors will bl 

or on the i"u“ 

di"iculty was experienced with the water-cooled copper 
electrodes that were operated at current densities up to 300 amps per 
quare inch. Undoubtedly, these electrodes could be made smaller and 

operated at even higher current densities. 

in«taii!HCtUreSI,C>f the different furnaces with the different apparatuses 
installed are shown m Figures 4, 5, 6, 7, and 8. 

TEMPERATURE MEASUREMENT IN THE 5000° F FURNACES 

The temperatures in the furnaces were determined by optical 
pyrometer readings through optical sight glasses with Pyrex and 
sapphire windows to 5000° F, tungsten-rhenium thermocouples to 

WADD TR 60-924 fi 



Figure k. Furnace No. 1 with the Expansion Apparatus Installed 
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figure 5» furnace JMo 2 with the Expansion Apparatus Installed. 
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4600 F, tungsten-molybdenum thermocouples to 4000° F platinum- 
rhodium to 28003 F, and Chromel-Alumel to 2500° F. The greatest 
reliability was found using the optical pyrometer after techniques were 
developed to keep the optical tubes clear of fumes and condensing vapors 
or curtains. 6 H 

In addition to the actual temperature calibration runs, cross checks 
were obtained during data runs between the optical pyrometer and the 
thermocoupies in all three phases of the work in the temperature range 

being used F ^ ^ faUure ternPerature of the particular couple 

In some preliminary investigations, the influence of the physical 
aspects of the sight tube on the resulting temperature reading was 
determined. As general conclusions, the temperature reading was 
independent of the distance of the focusing lens of the pyrometer from the 
source wOhm the range of 5 to 20 inches with a normal'deviation of about 
1U to 15 F. However, the diameter of the sight tube had a major 
m luence. Tubes larger than-^-inch diameter had no effect Tubes 

l^m 200^'t;ní dtid,,rnîCT! the ^P^ure reading by as much as 
hpth n 00 F- Inbetweenia"di inch, the diameter of 

the tube had the influence of reducing the temperature by an amount 
dependent aiso on the tube length. Any sight tube in this critical range or 

100“ F" to'ïnn p Calibra,ted in Place ‘he furnace or errors as large as 1UU F to 500 F can result. 

During i uns, measurements with optical pyrometers were made by 
viewing the specimen through a sight window. Windows of Pyrex and 
synthetic sapphire were used in the furnaces and introduced an error 
m the observed optical readings. To correct these readings, the windows 
were calibrated by comparing readings through the windows to readings 

ith no window. Tne target used for calibration was the center of an 
inductively neated graphite crucible with a black body depth to diameter 

P 0 °f tbree t0 °ne- Th6 correction curves for synthetic sapphire and 
Pjiex sight windows are shown in Figure 9. With a steady pyrometer 

^°11^ in° tr 6 ^"P6 tar8et> variation in pyrometer readings was 
about 1U F at constant source temperatures. 

Several runs were made with tungsten/molybdenum and tungsten/ 
rhenium thermocouples. Tungsten/iridium thermocouples were also 
evaluated, but the indium became extremely brittle in these furnaces 
The temperatures obtained were compared to corrected optical pyrometer 
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I 

readings, to temperature measurements made with established thermo 

Sr;.!, ,0‘‘,erf W/Mo thermocS, 
sus temperature from both literature data and Southern Research 

Institute corrected optical readings are shown in Figure 10. SimUar 
urves for W/Re thermocouples are shown in Figure 11. Southern 

Research institute curves have the same character as the literature data 
but definitely indicate a lower EMF for a, given temperature The «nJLa 
between data from different investigators is fairly large and there is 
some spread between Southern Research Institute calibrations and the 
data shown in the literature although the character is the same These 
variations can result from variations in thermocouple purity failure to 
correct optical data for sight tube and window losses or variations in 

w rCC^ChnÍqUe' FigUre 12 includes calibration curves for 
W/Mo and W/Re thermocouples, and optical readings through a sapphire 
window. Also shown in Figure 12 are points comparing es fbUshed 
me ting points of materials to the optical readings taken when these 
materials were melted in the furnaces. 

1500° F0wJrhpe iTk "tf thiS contract’ the true temperatures above 
1500 F were taken as the corrected optical readings. High temperature 
thermocouples calibrated by corrected optical readings were uîed 
extensively, especially in locations where optical readings were 
impossible. Although any one optical reading may be in error the great 
number o points obtained in the calibration and during a runTnsured 
statistically accurate data. ë ea 

During the runs, simultaneous observations were made of the 

ZrZZ t'rperal„"res by 0aUbra,ed °fllaa‘ pyrometer, standard 
hermocoup es such as Chromel-Alumel and platinum-rhodium and exotic 

thermocouples such as tungsten-rhenium and tungsten-molybdenum “The 

Z ZZu v?8 g!neraUy fair as showri fay typical values in Tablet but 
optical data1 7 3nd lnternal consistency were invariably better for the 

orarh-Jín environment is important in the performance of 
welded y f thermocouPies- Wire aging was minimized by using new 
welded junctions on each run. With this procedure, no poisoning effet 

was am L moUment,edMh0WeVer' Ü WaS observed that Chromel-Alumel was a utile more reliable than platinum-rhodium, and both the tungsten- 

ÍÍtput EMF f gSten"m0lybdenUm C0UpleS demonstrated a shift in 
Alio hot fZ a ßlVen temperature after a high temperature exposure. 
tiow he mel 'ZZ melted at temPeratures considerably below the melting point of the pure crystal of the metals. 
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Table 1 

Cross Check of Temperatures in the Furnace During Runs 
by Comparison of a Calibrated Optical Pyrometer and Thermocouples 

True Temp, by 
Calibrated Optical 

Pyrometer 
0 F 

Temp, by Standard 
Thermocouples 

° F 

Temp, by Exotic 
Thermocouples 

0 F 

1890 
2075 
2060 
2040 
1570 
1780 
2230 
2840 
3150 
1570 
2840 
1570 
1820 
2045 
2310 
2840 
3000 
3150 

I860 
2081 
2084 
2075 

1671 
1945 
2149 
2386 

1530 
1720 
2205 
2780 
3130 
1590 
2700 
1530 
1720 
1900 
2205 
2780 
3085 
3130 
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Different protection tubes were used. Alumina and magnes ia 

ánnn°rmed Weil t0 3000 F' but only thoria extended the range to over 
WUU F Some beryllia tubes were available but not used. Actually 
unanchored bare wires invariably performed with the most reliability 
and minimum premature breakage. 

THE SPECIMEN MATERIALS AND THEIR GENERAL PERFORMANCE 
I 

The refractory materials evaluated in this program were ordered 
under specifications requiring a maximum density, purity, and strength 
while employing a forming process compatible with either laboratory or 
production line techniques. Particle size was left to the discrimination 
of the supplier. Reliable performance as components at 5000° F was 
emphasized and the price left open. Generally, the best product for the 
current state of the art was anticipated. The suppliers were informed 
of the particular properties to be measured. 

More than one supplier was found for every material; however, 
the price range and delivery dates were often orders of magnitude 
different. In every case, the supplier was selected either on the basis 
of a probable premium product, experience in a particular field, ora 
more firm guarantee of performance. 

Within the very rigid confines of proprietary rights, all suppliers 
were very cooperative and assisted greatly in the over-all performance 
by expediting deliveries. In spite of this the very nature of the work of 
producing the specimens resulted in some delays and, in some instances, 
in delivery of about a year. Also, some of the properties of some of 
the materials have not been received even yet. All pressed materials 
were pressed in the axial direction, 

i 
. 

: The specimen sizes were selected on the basis of maximum 
compatibility between the thermal property measurement apparatuses 
and the ability to produce a sound specimen Some suppliers could not 
produce a piece bigger than one-inch diameter nor longer than about three 
diameters. Other suppliers questioned the homogeneity that could be 
anticipated for special shapes and sizes. As a compromise, solid 
pieces about-J-inch diameter by-f or 3 inches long were selected as the 
goal. Southern Research Institute then shaped the specimens with 
diamond grinding and ultrasonic drilling equipment. 

: 

■i 
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In Table 2 the general information on all materials is presented 
as it is best known now. The density and chemical composition of the 
materials before and after the high temperature exposures will be 
determined by chemical and spectrographic analyses under a subsequent 
contract. 

The table contains one column listing the theoretical melting 
temperature and another listing the temperature at which the specimens 
failed in these evaluations. Only three of the materials performed at 
over 5000° F. This limit was not the furnaces, but the specimen materials. 
In a few cases, such as for columbium carbide, the temperature range 
could have1 been extended to over 5000° F without melting the specimen; 
however, since the specimens failed at 4740° F in a fashion such as 
fracturing or exploding that precluded any further measurements, the 
runs were concluded. Most of the specimens failed by apparent 
disassociation, incipient melting, excessive softening, or a similar 
mechanism-that indicated absolute material failure. Figure 13 shows 
the different materials before and after the exposures. 

After the runs, the specimens were examined carefully to 
determine the type of failure and the possible contamination that may have 
resulted from carbon vapor in the furnace atmosphere. Generally, it did 
not appear that the presence of the trace carbon vapors actually caused 
any failures or induced premature temperature deterioration at other 
than the surface of the material. More specific data will be presented 
after the material analysis that is to be performed. One exception is 
anticipated. The tungsten melted at about 5000° F. Of course, the 
crystal melts at over 6000° F so it is probable that the carbon eutectic 
was formed. It is not known whether the carbon came from the furnace 
vapors or was in the material before exposure. The very gross melting 
as shown in Figure 14 suggests that the carbon may have been in the 
material. See Figure 15 for a picture of some small specimens of 
tungsten supplied by four different suppliers and exposed to 4940° F. 
Also, in one instance the tungsten specimen melted internally and broke 
through the solid shell, or skeleton, of the surface material. The 
analysis provided by the supplier does not indicate sufficient carbon to 
induce such gross melting without pickup from the furnace; however, the 
analysis was provided as typical of the melt and not for this particular 
series of specimens. 

There is considerable evidence that many of these materials with 
crystal melting points of over 5000° F were actually fired during forming 
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SRI Material N*mc 
No. 

Tubi« ) 

I'ropcrtlea of Ihc Moler lula Kvalualed In the Work 

'Woíerlol Suppl it ^hemirol _ íheinlrnl f'iini|MiNÍliiNi ISmÜlÿ Pene ni nF 
Symbol* by % Welkin K*i r|»t a» Ui/ft1 Thimretlral 

"T'oi nilng Mclltod 

Nolcd fX'nally 

Silicon Nllrlde 

I llofnlum Nltrlrti 

’i llonlum Nitride 

Zirconium Nllrlde 

S Tanlolnm Carbide 

8 Columbium Carbide 

Î Zirconium Carbide 

8 Hafnium Carbide 

9 Zirconium Boride 

10 Tantalum Boride 

11 AT J Graphlle 

12 Tunjjaten 

IS Zirconium Slllrate 

The Carborundum Company SIN 

The Carborundum Cumpany IlfN 

Technical Reaearch Group TIN 

General Electric Company ZrN 

Kcnnamelal, Inc. TaC 

Kcnnamelal, |nc. cbC 

General Elaclrlc Company ZrC 

The Carborundum Company HfC 

Norton Company ZrB 

General Electric Company TaB 

National Carbon Company C 

Union Carbide w 
Metala Company 

The Charlea Taylor 
(Zirconium Orihoallicate) Sona Company 
(Taylor Zircon C7.-5) 

Zr.SIO, 

H Synthetic Sapphire 

18 Armco Iron 

16 Grade 'A' Nickel 

Linde Company 

Lnpham-Hickey Steel 
Corporation 

J. M. Tull Metal and 
Supply Company 

0.05 Cn, 0.01 Cu. 
0.01 Mr, 0.2 AI. 1.5 
Ke, 0.01 Tl, and 
Troco Ba, Na, and 
Mn - Rcmnindcr SI 
and N 

Wcl Analyalt: 
»5.8% Hf, 6.81% N.. 
0.9% O, 

Rcijuealcil 

Information 
Prom land 

8.14 C.0N, 0.1 W, 
<0.01 SI, Mg, Cn. 
Al. Tl, Cb. Sn, Zr, 
Fe, Na, Mn, Mg and 
Nl • Hemnlmlcr Ta 

M.3 c, 0.07 N, 
0.1 Ft. 0.1 W, 
<0.01 SI, Mn. Mr, 
Ci , Sn, Tl, Zr. 
Nl * Remainder Cb 

Information 
Promised 

Itctyjoaiod 

78.7 Zr, 17.6 H, 
0. 36 C • Remalnilcr 
Tl. h>, Nl, Cn, AI. 
and SI 

Information 
Promlaed 

Keipicated 

In PPM: 30 Po. 
28 SI. 20 O. 
10 S, 10 P and Nl, 
Cu, II and N - 
Remainder W 

ZrO, . 65-6«%, 
sin, - 33-34%, 
Al,!), - 1% Ma*. , 
l’etO, - 0, t% Mn*., 
TIO, - 0.3% Mo*., 
Other* - 0.2% Ma*. 

100 A 1,0, 

H8 

0,012 C, 0.017 Mn, 
0.005 p. 0.025 S, 
Trace Si - RemnIn¬ 
der Pc 

0. 25 Cu, 0. 5 Pe, 
0.35 Mn, 0.5 S|, 
0.2 C, 0.02 S - 
Rcmnindcr Nl 

255 

427 

476 

371 

627 

258 70 to 
75 

75« 

110.3 

117« 98.4 

252 

233 

54« 

81.5 

100.0 

"Tlieorellral 
Melting or 
Doatrurtlon 

of Ihire 
Material 

* P 

"A C'aailng Method" 

lint Prcaaod 
(Firing Temiwra- 
(urc Near 8500* P) 

lint Prcaaed 

Prcaacd and 
Sintered 

Hot 1'reamed 

Hot Preaied 

Prcaaed and 
Sintered 

Hot Prcaacd 
(Firing Tempera¬ 
ture Near 6500' P 

Hot Prcaacd 

Preaacd and 
Slnti red 

Molded and 
Fired 

Arr-Caal 

Slip-Cant and 
Sintered 

Crown Single 
Cryatnl 

Cold Drawn from 
Melt 

Cold Rolled from 
Moll 

«3500 
(Hubllmea) 

5 MO 

5310 

5400 

7020 

6330 

5750 

7030 

5500 
(ZrB,) 

54 30 

(TaB,) 

6800 
(Suhllmca) 

60 80 

(Dla- 
aaaoc latea 

3250 

3700 

2804 

2851 

Note 

The borldca are claimed aa borldca - mny contain ronalderablc dlborhle. 

^ ■ ,10 ^ cherkcrt “ Sn,,,,,cl n '»-"«n »! Inntllutc In Pari 2 of work. 
Meaaured at Southern Research [natitule by volume dlaplarement mettmd. 
Information provided by auppllera. 
Supplier and handbook Information for eryatals and pure malerial 

Maalmum temperature eapo.ure in Southern Heae.nh In.il.ute work limited by material failure - nmne fHlurea om.ned at lower lem,«rature«. 

No particle alee Informallnn haa been rerclvcd «Ithough requentei). 

iHMJmum Hemark« 
P.apoaura 

Temperature 
* F 

3420 Meiling 

4750 Fraclura 

4700 Incipient Melllng 

4810 Fracture 

4800 Pitting and 
Spalling 

4740 Cracka and 
Flaaurea 

4700 Exploded at 
2800' K 

5220 Some Speeimeni Broke 

4750 Melting 

4610 Incipient 
Melting 

5150 No Deterioration 

5010 Melting 

3710 Softening 
(Incipient Melllng) 

3006 No Deteriora lion 

2250 No Deterioration 

2100 No Deterioration 
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Material 

ATJ Graphite 

Tungsten 

Tantalum Boride 

Zirconium Boride 

Columbium Carbide 

Hafnium Carbide 

Tantalum Carbide 

Zirconium Carbide 

Hafnium Nitride 

Silicon Nitride 

Titanium Nitride 

Zirconium Nitride 

Zirconium Silicate 

Figure 13. 

Unexposed Exposed 
Specimen Specimen 

Exposure Theoretical 
Temperature Melting or - 

F Destruction of 
Pure Material 

5150 ,0 gp.oo x (Sublimes) 

5010 6080 

4610 5430 

4750 5500 

4740 6330 

5220 7030 

4660 7020 

5750 

5990 

3500 
(Sublimes) 

Picture of the Specimens before and After the 
High Temperature Exposures. 
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at considerably below the melting temperature of their crystals and even 
considerably below 5000 F. First, the data that was obtained on the 
thermophysical properties shifted considerably after the temperatures 
exceeded 4500° F to 5000' F. Reruns then indicated repeat data up to the 
level of the maximum temperature of the previous run and then again the 
data would shift. Second, heat soaking some of the specimens at a little 
over 4500e F for 15 minutes quite dramatically improved their subsequent 
performance in resistance to fracture and shifted their absolute thermo¬ 
physical properties. See Figure 16 for a picture of the conductivity 
specimens showing the results of exposures on as-received and heat 
soaked specimens. Third, one supplier quoted on several materials with 
melting temperatures considerably over 5000e F and then declined to quote 
on another material with the comment that their facilities would not provide 
the required temperature of 5000: F for that material. Of course, different 
facilities may have been involved. 

Specific details on the materials are presented in subsequent sections 
as they relate to the measurement of the particular properties; however, 
the nature of the materials, furnaces, and measurements should be kept 
in mind during the discussion of all observations. 

HEAT CAPACITY 

Apparatus and Procedure 

The heat capacity was determined to 5000e F for all materials 
except those that melted, exploded, or otherwise deteriorated at lower 
temperatures. The apparatus employs the drop technique in which the 
specimen is heated in a tube-type graphite furnace and then dropped in 
an ice calorimeter in which an ice mantle has been frozen around the 
cup, and the heat from the specimen is sensed as the change in volume 
as some of the ice melts and changes into water. The annulus containing 
the flooded ice mantle communicates with the atmosphere through a 
mercury column so that the change in volume is read directly on a 
calibrated glass tube to provide a volumetric mercury accounting system. 

A cross section of the apparatus is shown in Figure 17. Detailed 
pictures of the ice calorimeter, the ice mantle, and the drop rig are 
shown in Figures 18, 19, and 20. 
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Before 
Exposure 

After Conductivity Runs 
Specimens Not Heat Soaked 

After Conductivity Runs 
Specimens Heat Soaked at 

4500° F for 15 Minutes 
Before Runs 

Tantalum 
Carbide 

Figure 16. Pictures of Thermal Conductivity Specimens - Heat 
Soaked and Unsoaked - After the Conductivity Runs. 
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The details of the furnace are presented in another section so are 
not repeated here. The section on calibration discusses many of the 
features of the ice calorimeter with emphasis on those aspects that 
contribute to minimum error. The calorimeter is very accurately 
guarded and has been thoroughly checked out against copper, sapphire 
and graphite standards. ^ 

In operation, the specimen is enclosed in a basket and dropped into 
the ice calorimeter. The basket has been previously dropped and its heat 
content noted. Typical data showing the mercury displacement as a 
function of time before, during, and after the drop are plotted in 
Figures 21 and 22. The mercury displacement is a measure of the 
amount of ice on the mantle that has melted; the time is measured from 
any selected interval after freezing the mantle and permitting the sub¬ 
cooling to equilibrate at 32° F. For the first 30 minutes or so, the slope 
is a measure of the heat loss from the system. At the time of the 
specimen drop, the slope increases sharply After the specimen has 
cooled to 32 F, the curve flattens out to the same slope that existed 
before the drop. The heat removed from the specimen is proportional to 
the ordinate displacement of the two slopes before and after the drop. 
The mercury displacement units have been calculated so that one cc is 
equivalent to 3. 5 Btu. The enthalpy from a zero reference of 32' F is 
then calculated from this heat removal and the weight of the specimen. 

To determine the enthalpy of the specimen alone, it is necessary 
to know the effect of the drop basket, radiation losses drop losses, and 
unknowns upon the system. This is determined by making runs with the 
drop basket alone. The mercury displacement caused by dropping the 
basket includes the above-mentioned losses and provides a convenient 
way to correct for system unknowns. 

To determine the mercury displacement caused by a specimen, the 
displacement caused by the drop basket must be subtracted from the total 
displacement caused by a specimen enclosed in a drop basket. 

The mercury displacement units have been calculated so that one 
cc is equivalent to 3. 5 Btu. The enthalpy from a zero reference of 32° F 
is then calculated from this heat removal and the specimen weight as 
follows; 

(Mercury Displacement, ccU3.5 Btu \ 
Enthalpy =___qq 

(Specimen Weight, lbs) 
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Figure 22. Mercury Displacement Due to Sapphire Enclosed 
in 304 Stainless Steel Basket. 
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As an example, the mercury displacement due to synthetic 
sapphire dropped at 1503° F is as follows: 

From Figure 22, total displacement = 5.95 cc 

From Figure 21, basket displacement = 0.60 cc 

By subtraction, displacement due to specimen = 5.35 cc 

Specimen Weight = 21.765 grams = o" 048 lbs 

Enthalpy = 5.35 X 3. 5 
0.048 

Enthalpy = 390 Btu/lb .. from drop temperature to 32^ F 

Drops were made at 500° F temperature increments and enthalpy 
versus temperature plots obtained. Three different techniques were 
employed to reduce this enthalpy data to heat capacity versus temperature 

inno” FirSt' the slopes of the enfhalpy plots were read from the curves at 
Ul F total increments around a mean temperature. This slope is then 

the average heat capacity of the material at this temperature. The 
technique has the major advantage of being insensitive to odd inflections 
m the curve and of providing reliable data that is not distorted by the 
practical inability to write a precise equation that matches the enthalpy 
plot throughout its entire range. 

As a second method of treating the enthalpy data to obtain heat 
capacity versus temperature information, equations were written for the 
best visual curve fit of the enthalpy plot (Enthalpy = a + bT + cT2 1- dT3). 
After solving these equations, the heat capacity is the derivative 
(HC = b + 2cT + 3dT2). Unfortunately, most of the materials over the 
wide temperature ranges employed had several inflections so that the 
equation actually fit only the four points selected for simultaneous 
solution rather than the entire range. Since heat capacity is the derivative 
of the enthalpy plot, any deviation of the equation from the observed data 
introduces a magnified error in heat capacity. Figure A-3 in the 
Appendix shows plots of the heat capacity as determined by these first 
two techniques for the hafnium nitride specimen. 

Third, equations were developed on a computer from a least 
squares fit of all observed data. The equations for all materials are 
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included in Table A-18. Although data from these equations is subject to 
the same anomalies described for the second analysis, they do present 
the function in a relation required for many applications. 

After careful consideration, the technique of data analysis 
employing the slope measurements was selected and used in the 
preparation of all data on heat capacity. 

Date and Results 

The enthalpy and heat capacity data for all specimen materials, the 
stainless and graphite baskets, and the copper and sapphire calibration 
specimens are shown in Figures A-l through A-17 in Appendix 1 and 
Tables A-l through A-17 in Appendix 2. The data points on the enthalpy 
plots are observed readings with the maximum temperature point being 
the top exposure temperature. At these maximum temperatures., many of 
the materials deteriorated; however, no attempt has been made at this 
time to relate precisely the type of deterioration with the change in heat 
capacity. 

Also, many of the inflections in the high temperature range can be 
related to inflections in the thermal expansion and thermal conductivity 
data. Again, these inflections can be more thoroughly analyzed and 
discussed after the chemistry of the material is better established. 

Both of the elements, graphite and tungsten, demonstrated an 
increase in heat capacity to about 3000J F and then a slight decrease with 
the graphite again increasing above 4000° F. No difficulty was 
experienced in extending the exposure on graphite to over 5100° F, but 
the tungsten completely melted at 5300° F, and even the 4950° F run 
showed signs of melting. Chemical analysis will probably indicate that 
either the tungsten contained carbon as it was received or else picked up 
carbon from the furnace since tungsten and carbon do form a eutectic 
melting at about 5000° F. Once this melting started, the specimen would 
probably continue to failure. 

Although the nitrides appeared to disassociate and undergo rather 
serious changes in physical appearance (and odd thermal expansions) 

dinn°mPeratUre? abOVe 350°° F' the hafnium nitride was taken to over 
4900 F and the titanium nitride and zirconium nitride to over 4500° F 
Only titanium nitride had an odd inflection at about 2500° F. The other 
nitrides had rather smooth curves over the entire temperature range 
with a gradual increase in heat capacity at up to 2000° F. 

Jnnno eat capacUy of the borides increased with temperature up to 
about 2000 F and then remained constant to over 4000° F. Neither 
boride behaved in an erratic fashion, 

WADD TR 60-924 35 



After an orderly increase at up to about 2000° F, the heat capacity 
of the zirconium silicate again increased slightly. This higher 
temperature inflection was probably associated with material change 
since almost complete destruction occurred at less than 3500° F. 

o All of the carbides had an increasing heat capacity at up to about 
2000 F. The slope of the hafnium carbide curve then remained flat to 
5000° F; whereas the columbium carbide data had a slight inflection, and 
the zirconium carbide demonstrated an increasing value beyond 3700° F. 
Although the zirconium carbide and columbium carbide data were only 
extended to 4700° F, they probably could have been exposed to 5000° F. 
However, these materials had a tendency to spall and fracture 
catastrophically so that the probability of seriously damaging the furnace 
did not make the risk seem worth while. 

The data on the sapphire and copper indicate the very little scatter 
that was obtained with homogeneous specimens of stable composition. 
Actually, the scatter was not particularly bad with most of the specimens, 
and the observed inflections were undoubtedly real. Thesë'standard 
specimens are discussed further in the section on calibration. 

The heat capacity data on the baskets are included primarily to 
record the information, The increased scatter with the very small 
specimens should be expected; however, it is interesting to note that the 
heat capacity still checks rather closely with that anticipated for the two 
materials even though the baskets suffer practically all of the drop losses 
that do occur. 

CALIBRATION AND ERROR ANALYSIS 
OF THE HEAT CAPACITY APPARATUS 

The drop-type ice calorimeter has no inherent limitations for 
service up to 5000° F and demonstrates good performance throughout 
the entire temperature range. Since this method employs direct 
measurements of the variables rather than a comparison technique, the 
accuracy is as good as the total of the separate measurements. 
Specifically, the precision of the data is dependent on (1) the accuracy 
of the temperature measurement of the specimen in the furnace 
immediately before the drop, (2) the absence of temperature gradients 
in the specimen before the drop, (3) minimizing the already small heat 
loss from the specimen during the fall from the furnace to the cup, 
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(4) eliminating heat losses by radiation of the specimen out of the cup after 
the drop, (5) guarding the cup and accurately accounting for any losses 
during the specimen cooling from drop temperature to 32° F, and 
(6) measuring the change in volume of the ice and water in the cavity 
containing the ice mantle as the ice absorbs the heat and changes in 
volume while proceeding from ice to water. 

The specimen size must be selected to provide large heat contents 
for accurate readings, and the material chemistry must be stable in the 
furnace environments. These two requirements are aggravated by the 
high temperature aspects since large specimens are inclined to thermal 
shock and the graphite heater does emit carbon vapors. By enclosing the 
specimen in heat-aged graphite baskets, broken specimens could be handled 
and the contamination from heater fumes was minimized. Lining the cups 
with tungsten foil and a zirconia cement wash has also proven effective. 
The best protection is to introduce fresh helium right at the specimen. * 

A compilation of these possible errors indicates that the apparatus 
is accurate to well within 5% over the entire temperature range. 
Comparison of Southern Research Institute data on copper, Linde synthetic 
sapphire, ATJ graphite, and many other isolated check points on the 
specimen materials all confirm the 5% accuracy. 

A detailed discussion of the different variables is necessary. The 
specimen temperatures were measured by thermocouples at up to 2000° F 
and then by calibrated optical pyrometer to 5000° F. A selenium-cell 
radiation pyrometer was also used regularly as an operation aid. A 
detailed discussion of the temperature calibration is included in another 
section; however, it should be noted that at various times the specimens 
were monitored by platinum-rhodium, Chromel-Alumel, tungsten- 
molybdenum, and tungsten-rhenium thermocouples concurrent with optical 
measurements on a different part of the specimen. No gradients over 
about 10° F were normally detected. The long 5-inch hot zone undoubtedly 
minimized any end cooling of the specimen. Also, the end plugs of the 
furnace were usually zirconia, molybdenum, tungsten, or graphite, all 
of which were permitted to come to near specimen temperature so that a 
cold end surface was simply not present. The soak time for the specimen 
was always at least five times the theoretical that would be required from 
diffusivity calculations. 

Very little heat can be lost from the specimen during the drop. 
About-J second is required for the fall. If the specimen were at 5000° F 
and the emission were all lost, then about 0. 2 Btu would be involved. 
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The enthalpy change for the ATJ specimen at 5150° F. for example was 
about 70 measured Btu so that only 0.3% could be lost. Since the ’ 
specimens are actually dropped in an enclosing basket, and since the 
basket has been previously dropped and the heat content noted, the thermal 
diffusivity is such that all of the 0.2 Btu that is lost departs from the 
calibrated basket-not the specimen. Assuming even a 10% error in 
calibrating the lightweight baskets, the net effect on the heat content of the 
specimen could be no more than 0.03%. The thermal diffusivity of the 
basket is such that the specimen temperature itself does not have time to 

T° mimimze heat pickup by the cup from the furnace immediately 
before the drop and to eliminate heat loss radiating from the specimen 
out of the cup, a spring-loaded flapper valve was installed within the cup. 
This molybdenum flapper reflects the heat from the furnace up out of the 
cup during the few seconds the bottom plug of the furnace is pulled and 
the drop made and reflects the specimen radiation down into the cup 
during the specimen cooling. Any heat that is absorbed by the flapper 
during the 15 minutes required for the specimen to cool is conducted to 
the cup walls and hence contributes to melting the ice mantle and is not 
lost. Proper design and operation of this flapper valve, coupled with the 
use of lightweight calibrated baskets, are probably the two key features of 
a successful drop-type calorimeter of this type. Without the flapper, over 
lU/o error is introduced at high temperatures. 

The cup zone is completely guarded by the flapper and recirculated 
ice water that enters the guard zone at 32° F and leaves at not over 33° F. 
Witn this high circulation rate and resulting good guarding, the normal 
heat loss from the empty cup over a 10-minute period is no more than 
ih of the heat absorbed from a specimen dropped at 1500° F. However 
this heat loss is not error. The slopes of the heat loss versus time 
curves before and after the drop (and subsequent specimen cooling) are 
essentially equal so that the slope before the drop can be extended to the 
time after specimen cooling, and the heat absorbed from the specimen 
is the difference on the ordinate between these two parallel slope lines. 
Data inspection reveals that the slopes practically always remain 
constant; however, assuming even a 10% error in slope extension, the 
error introduced in determining the heat content would be no moré than 
0. 7% for the specimen and 6% for. the basket. Since the basket is so 
lightweight and has a small heat content, it has only about a 10% 
influence and so contributes only 0.6% to any accumulative error. On 
this basis, the total error resulting from improper guarding could total 
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no more than 1.3% at 1500 F and is proportionately less at higher 
temperatures. The fact that accurate and reproducible data are obtained 
even at 300 F indicates that the slope extension results in data that 
is considerably better than the over-all 1.3% error that has been allowed. 

The mercury accounting system involves simply the accuracy of 
reading a mercury column in a calibrated glass tube. At 1500° F drops 
this readout is within better than 1%. At higher temperatures the 
readout is proportionately better. When more accuracy is needed, the 
system can be modified by using a resistance-wire technique or mercury ° 
weighing system; however, for these runs, the change in mercury column 
height was sufficient to use the volumetric measure. To insure a minimum 
influence of any air bubbles that could be entrapped in the ice-mantle cavity 
or m the mercury system, a constant pressure head was maintained on the 
ice-mantle part of the system during all readings. 

A comparison of data obtained from the Southern Research Institute 
ice calorimeter and that published by other investigators on synthetic 
sapphire is shown in Table 3. Generally, some investigators have found 
values a little higher and others have found values a little lower. An 
inspection of Figure A-15 showing the enthalpy versus temperature plot 
for sapphire reveals that the maximum deviation of a measured data point 
from the smooth curve fit was only 2%. All other data points matched 
even better. Data on copper is presented in Figure A-14 indicating very 
close agreement between the Southern Research Institute and literature 
data. Also, the ATJ data in Figure A-l is in good agreement with the 
literature and is considered as a calibration standard to 5000° F. Other 
specimens such as tungsten also check well with published information. 

The data treatment introduces no additional error since readout on 
the enthalpy versus temperature curves is to three significant figures 
The slope is the heat content in Btu/lb/° F so no additional treatment is 
necessary. The procedure of writing an equation for the enthalpy versus 
temperature plot and taking the derivative to obtain heat content data does 
introduce error in those ranges on the curve at which the derived 
equation deviates from the observed data points. Since the equation is a 
F-rfect match only at 3 or 4 points, depending on the treatment, some 
deviation at midpoints is inevitable. Of course, the derived equation 
should never be extrapolated beyond the range of the points used to obtain 
the constants so that the equation really adds nothing to the information. 
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The probable error was statistically determined for the enthalpy 
versus temperature curves to establish the maximum deviation that 
should be expected for 50% of the observed data points from the smooth 
curve. This deviation was more enthalpy dependent than temperature 
dependent and was found to be about 3% at the 100 Btu/lb range and 14% 
at the 1500 Btu/lb range. The over-all probable errors for ATJ, TaB 
ZrB, HfC, and SiN were about 3% for all. Except for temperatures at’ 
which the specimens were deteriorating, these data are representative. 

THERMAL EXPANSION 

Apparatus and Procedure 

Thermal expansion measurements were made on all specimens 
axially, in graphite tube dilatometers to over 5000" F or the destruction 
point of the material. The dilatometers consisted of (1) graphite tubes 
into which the specimens were placed, (2) graphite rods which transmuted 
specimen motions to the dial gages, (3) short stainless steel tube and rod 
extensions, and (4) the dial gages. The dilatometers were self-contained 
units that were placed in the high temperature furnaces with the 
dilatometers hung from the top flanges of the furnaces and not in contact 
with the furnace inner parts. A typical dilatometer assembly and the 
dilatometer parts are shown in Figure 23. 

Dilatometer tubes and rods were machined from National Carbon 
Company's Grade CS graphite stock. The effective lengths of the 
dilatometer tubes were equal to the combined lengths of the specimens 
and the dilatometer rods. The stainless steel tube and rod extensions 
were of equal effective lengths, eliminating errors due to the differences 
in coefficients of expansion. The dial gages used in the dilatometry 
apparatus were graduated in 0.0001-inch divisions with a total range of 
0. 200 inch. The mechanical accuracy of the B. C. Ames Company 
Model 212 shockless dial gages is stated by the manufacturer to be 
- 0.0001 inch for any given reading at any point in the range. 

The dial gage movement during any expansion run must be corrected 
by the movement of that corresponding length of graphite dilatometer 
tube. The true total elongation of the specimen is then equal to the sum 
of the dial gage movement and the calibrated movement of the graphite 
dilatometer over the specimen length. Other than in the specimen zone, 
the expansion of all dilatometer parts is cancelled by an equal expansion 
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of a corresponding part of the same material at the same temperature 
- The. expans ion of the tube reduced the indicated expansion of the 

specimen, making a dilatometer tube movement correction necessary 

Careful measurement of the graphite dilatometer parts before and 
a ter temperature exposures indicated a permanent change in length on the 
initial high temperature exposure. No signif.cant dimensional changes 
occurred on subsequent exposures, so a preliminary heat soaking run was 
standard procedure for new graphite dilatometer parts. 

In preparing a specimen for the thermal expansion run the ends 
were ground to a radius equal to the specimen length. This provided that 
one end of the specimen could shift without causing any change in dial gage 
indication. On some of the early runs, thermocouples were placed in 
tnree locations on the specimen to determine temperature gradients. On 
several other runs, thermocouples were placed at the center of the 
specimens for temperature measurements. 

^Furnaces No. 1 and No. 3 shown previously in Figures 4 and 6 were 
used for the thermal expansion measurements. Most of the specimens 
were evaluated m Furnace No. 1 which employs a graphite helix heating 
element enclosed by a graphite tube and lamp black insulation. Furnace 
No. 3 has a slotted graphite tube heating element enclosed by a graphite 
tube and lamp black insulation. 

The following paragraphs contain a discussion of the general 
procedure for thermal expansion runs. 

The specimen, and usually the dilatometer tube and rod were 
measured for initial length before assembly of the dilatometer unit The 
dial gage housing was anchored to the stainless steel extension tube and 
the dial gage was zeroed The unit was then inserted into the furnace and 
hung from the top. The bell glass was attached, the furnace sealed and 
evacuated several times, and purged with he! lum gas. At this point, the 
power was turned on and the furnace heat-up started. The furnace was 
evacuated several more times while below 800'' F to remove boil off and 
assure an inert atmosphere. 

Data points were taken at approximately 250-500“ F intervals 
throughout most of the temperature range. At a given power setting 
at least three times the theoretical soak time was allowed for complete 
elimination of specimen temperature gradients. As an operational aid 
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to indicate heating rates and furnace equilibrium, a selenium-cell, 
radiation pyrometer was used to view the specimen during runs. 

Throughout all runs, careful attention was directed to the indication 
of inflections in the expansion of specimens. When slope changes were 
evident, readings were taken much more regularly to insure true analysis 
of specimen behavior. 

Data points were taken at less frequont intervals during the cooling 
off period on most runs. The room tempe rature zero return was recorded 
on all runs and compared to the original zero setting. 

At the completion of all runs, the specimen length-was measured 
and recorded. On most runs, the tube and rod were measured to 
determine the permanent change in length. The conditions of the specimens 
following the runs were very carefully observed and recorded. 

The thermal expansion data recorded during all specimen runs 
provided dial gage readings at g'ven absolute temperatures. The treatment 
of the raw data required that the dial read? ngs (observed total elongat on) 
be converted to observed unit elongation that the unit correction for the 
expansion of the graphite dilatometer tube be applied, and that the 
correction be algebraically added to the observed unit elongation lo obtain 
the corrected specimen unit elongation. 

Data and Results 

Tables A-19 through A-31 in Appendix 2 contam the complete 
thermal expansion data for the thirteen specimens evaluated under tms 
contract. Data points for each specimen a re plotted on the curves shown 
in Figures A-18 through A-30 in Appendix 1. For each material the 
over-all slopes of the curves over a given temperature range are noted. 
In addition, curve slopes at given temperatures, + 500 F are included. 

Fi om an inspection of the expansion curves, it can be seen that 
most of the materials had a reasonably constant expansion from room 
temperature to about 3500° F. Only three materials. ATI graphite, 
tungsten, and hafnium carbide, maintained reasonably constant expansion 
throughout the temperature range. Tantal um boride, " zirconium boride, 

carblde maintained reasonably constant expansion to the 
4200-4500 F range. Above about 3500° F, columbium carbide and 
zirconium nitride showed a marked increase in the rate of expansion. 
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The two silicon containing materials, silicon nitride and zirconium 
silicate, expanded at a reasonably constant rate from room temperature 
to the vicinity of their deterioration temperatures of 3420° F and 37101 F 
respectively. Two materials broke prematurely. Hafnium nitride 
fractured at about 2550 F, causing the apparent expansion to decrease 
quite rapidly. Zirconium carbide essentially exploded on two occasions 
once at about 2000'’ F, later between about 2500° F and 3000' F. The final 
material, titanium nitride, expanded constantly to 2975e F, suddenly 
began contracting, and continued to contract throughout the exposure. 
Measurement of the specimen of this material after the run indicated 
that a permanent length reduction of about 3% had occurred. 

A discussion of the expansion behavior of each material, individually 
points out some interesting observations. From Figure A-18, it can be 
seen^that four runs are plotted for ATJ graphite. The first two runs to 
3780° F and 4950° F were almost identical; however, the two final 
exposures ^indicated that the specimen expansion rate was changed by the 
prior 4950° F exposure. Generally, zero return of the dial gage checked 
closely with specimen length. 

From Figure A-19. it can be seen that the expansion of the arc- 
cast ^tungsten specimen remained stable up to about 4800 F From 
4800° F to 5010° F, the specimen length decreased and the specimen 
melted over its entire length (see prior Figure 14) Figure A-20 showing 
the expansion curve for tantalum boride, illustrates the fact that incipient 
melting occurred at about 4200-4300; F. Figure A-21, for zirconium 
boride, shows that the curve slope stayed constant for about an extra 
500 F of the temperature range on each succeeding exposure up r0 the 
deterioration temperature of the material. From Figure A-22. on 
columbium carbide, it can be seen that at about 3500 F, the expansion 
increased to more than twice the original level, indicating a stress relief 
in the material. Post inspection disclosed several axial and 
circumferential cracks in the specimen. 

Figure A-23, on hafnium carbide, requires a detailed discussion. 
The first exposure represents the true expansion data to 4810' F for the 
material. This curve shows that the material had a reasonably constant 
expansion with an indication of a gradual slope reduction above 4000' F 
The specimen also underwent a small length reduction due to the 
exposure. A comparison of the zero return of the dial gage to the 
measured specimen length change checks very well. The curve on 
Figure A-23 representing the second specimen exposure provides an 
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excellent illustration of the necessitv of i * 
dilatometer parts before makS da a soaking new graphite 
rod were used for this particular m UjS'k A n6W dilatometer tube and 

changes during this initial dUatomete/exposure^caused 

2000°lp ^ a^parent .^Pansion of the specimen. ' Between iS F and^ 

«Ta¿ g“ r8“ r'S““,;’*»« ^ or ¿ “ve 
CO« bc L actual^spetfünen 

“c:irr.^reXe'r,r 5?% ■:9os y not cause the slope inflection between 1000° F and 2000° F. 

reached a maximum temperature 

Hr, rr - 
curve «pVthTtSamltXTn^thTstom" %Sl,gh% Sl“ 

2800° F Figure A^B^on har'1"16” °T exploded- at a^ut gure A ¿0, on hafnium nitride, shows that the snerim^n 
expanded rather rapidly from 2000" F to 2500’' F where the material 

expans^o^urtf weasA;s2tabnshedCOntnÍLrÍdy U Can be 8eea ^ « smooth 
the specimen. In the 1000° F to 2^00° F ranffTTh^110” temperature of 
cooled then reheated m T g the sPecime« was heated, 
.-, ' ' cheated to check on the repeatability of the temneratnre 

e tlblihed g r?lati0nShip- The spec™- did not return along7/ 
“ tfi the “r™' nat "P°n r'h'““"S rorarned the same point fnf 

iC“™ S,0Pe “ *•“ “ * rooLnen, am,, 

iha, i ““T e“Vere ChM8' 
reasonably constant to 2960" F; however,7 thai poTnt ie miterLT 

F!SrneaAC02n9raoCtl0n' thr0^h°^ tie expostr 
through mo!; ofnth7tCOniUm T^’ ^ & rather erratlc ^pansion ugh most of the temperature range. The specimen was found broken 
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Breakage probably occurred around 4500' F to on post inspection. 

0fl F Mr0m FlgUre A'30’ on zirconium silicate, it can be seen that 

aataeb»Crtant eXPanSÍOn °CCUrred UntU the material ‘ed 

and 2RTfn f r °/ th/ sPecimens during runs are shown in Figures 24 
t . , .r sülC0n nitrlde and zirconium carbide. The first failure is a 
typical disassociation and the second is a catastrophic fracture. 

LALiBKAnON AND ERROR ANALYSIS 
OF THE THERMAL EXPANSION APPARATUS 

knownPaccCurSaTenivÜmToelry ^ U) the SpeC¡men te^Perature be Known accurately, (2) no serious thermal gradients exist between the tube 
pecimen and rod at the same position within the length; (3) the tube and 

a rtla0tinvelv smfll aTÍ & ^ L" a" Utlkn°W" — Lnd have 
heneen ti, f K Î ^ ^ there be no deleterious react,on 

etween the tube, rod, and specimen materials; and (5) an accurate linear 
motion device be used to measure the relative motion of the tube rod and 

shnCl7enl aS a fUrther CheCk °n theSe Parameters, the dilatometer ’ 
should provide data that agrees with published information on standard 
materials, and any failure of zero return should match a growth or 

à ™ ÏVo" T 3PeCln,m- 01 no. shift dn„„g 
un, although provisions can be made in preparing the ends of the 

specimen to prevent a serious error by grinding the ends on a radius 
equal to the length of the specimen. 

is thatAih?eaCial'reqUirernent emPhasized by the high temperature aspects 
is that the specimen size and chemistry must receive careful attention 
Many refrac cry materials are very subject to thermal shock in ^ 

length tn h! / SÍZe mUSt be a comPromtse between a minimum 
ength to obtain large total readings and a maximum length that will not 

induce premature specimen failure. Also, the chemistry of the specTmen 
must not be altered by the furnace environment. Fresh helium introduced 
down through the dilatometer tubes greatly minimizes this furnace vapor 
contamination Finally, the heat aging of the specimen and its thermal 
history must be carefully noted and recorded. For example the 
expansion coefficient of the ATJ graphite shifted considerably after 
exposure at 5000 F. y 

All of these requirements of good dilatometry have been considered 
m this-system; and considering that the exposures must be to 5000° F, 
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Tube and Rod 

Sight Tube with 
Melted End 

New Zirconium 
Carbide Specimen 

Destructed Zirconium 
i Carbide Specimen and 
1 End of Expansion Tube 

Figure 25* Picture of Failure of Zirconium Carbide Specimen Curing a Run 
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all requirements seem well satisfied. From a study of the calibration 
runs and the specimen data obtained, results are repeatable to about 
0.00025 inch per inch at any given finite temperature range; and rod 
tube, and specimen growth accountability is within 0. 0005 inch per inch 
over the entire exposure. The agreement with standards is also good 
so that the accuracy is estimated within 5%. 

. Some of the specific parameters of the calibration require more 
detailed discussion. Absolute temperature measurements were made by 
thermocouple up to 2000“ F and then by a calibrated optical pyrometer up 
to DUUU F. As an operational aid to indicate heating rates and provide a 
continuous plot of temperature versus time, a selenium-cell radiation 
pyrometer was also employed to view the specimen during the entire run. 
The method of calibrating the optical pyrometer and a comparison of 
Chromel-Alumel and platinum-rhodium thermocouples are discussed in 
another section and will not be repeated here; however, it should be 
emphasized that on many of the runs, two different types of thermocouples 
were attached to the specimen to observe the temperature at up to the 
range of the optical pyrometer. The agreement between the thermo¬ 
couples and the optical pyrometer during the overlap range was noted 
to be well within 50 F. Above 3000“ F, the individual calibrated optical 
readings are estimated to be within 20° F. The data plots on the specimens 
show little scatter and confirm this close agreement. For some of the 
runs, the thermocouples were omitted, since the extremely high 
temperatures would vaporize the thermocouple insulators and this fume 
would destroy some specimens. 

Considerable effort was directed to determine the temperature 
gradients that might exist across the dilatometer tubes. These were 
concluded to be negligible or less than a 1% influence on the expansion 
The various temperatures within the tube, rod, and specimen are shown 
in Table 4 up to 4040 F. In columns 3, 4, and 5, note that the maximum 
gradient at up to 2100 F was 34° F and at up to 3300° F only 100° F. 
Actually, it is probable that this gradient at 3300° F was primarily the 
result of a faulty thermocouple, since the higher radiation heat transfer 
rates at the higher temperatures undoubtedly reduce the gradients. Even 
a 100 F gradient at this higher temperature range would induce a motion 
error of less than 0. 0002 Inch per inch. 

3 The close agreement between the temperatures of the rod, tube, 
and specimen at a particular cross section are also shown in Table 4 
m columns 1, 2, 3, 4, 5, and 6. The agreement at the midpoint of the 
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specimen at over 3000" F was so close that no difference could be 
detected on the optical pyrometer with the hot wire spanning both the 
specimen and the tube. 

.. From columns 7 and 8 in Table 4, the temperatures at the top of 
the rod and tube are seen to be in close agreement so that no spurious 
motions were introduced by the axial gradients. Probably the best 
indication of the absence of thermal gradients was obtained with the run 
using a graphite specimen of identical composition of the tube and rod and 
0bf*rnV™°gT?ly °' 0004 inch Per inch motion of the dial gage between 500° F 
and dUUU F; see Table 5. 

The next consideration is the thermal motions that are induced in 
the tube and rod during an exposure. New tubes and rods did show a 
permanent dimensional change in the order of 0. 001 inch per inch. After 
this initial exposure, the lengths checked within 0.0001 inch per inch as 
measured by a micrometer before and after the runs. Most exceptions 
were considered as human error and reruns made. To determine the 
repetitive thermal expansion of the exposed, or aged, tube and rod the 
system was calibrated against 'A' nickel, quartz, and slope data on 
graphite published by the National Carbon Company. These data are shown 
m Figures 26 and 27 and Tables 6 and 7. From Figure 26, note that on 
three successive runs to 2000° F on 'A' nickel, and with no reset of the 
dial gage, the slopes of the motion versus temperature curves were 
repetitive and the absolute shift was no more than 0. 0008 inch per inch 
out of the three excursions of 0,015 inch per inch each. Also, observe 
that the data using the Southern Research Institute quartz dilatometers and 
the literature data are in about as close agreement with the graphite 

oiÜnn°meter data aS Can be exPected- The absolute calibration data to 
¿100 F is then extended to 5000° F, as shown in Figure 27, by using slope 
measurements made by National Carbon Company to extend graphite data 
to these higher temperatures. The subsequent run on the ATJ graphite 
specimen is also considered as a calibration at the higher temperatures, . 
since that motion versus temperature curve showed no inflections and 
provided close agreement with literature data on this fine grain graphite. 
Aiso, the zero return indicated complete accountability of all motions. 
In these four ATJ runs, it is particularly striking that after the 5000° F 
exposure shifted the motion curve, a rerun on the same specimen using 
a different dilatometer resulted in agreement with the shifted data to 
within 0, 0005 inch. The correction of the specimen motion by the tube 
motion as indicated in Figure 27 gains further confidence, since the 
tube motion usually accounted for no more than 20% of the total. 
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Table 5 

Expansion Run on Electrode Graphite Calibration Specimen 
in Graphite Dilatometer of Same Composition 

Avg. 
Tube 

Temp. 
° F 

Avg. 
Specimen 

Temp. 
° F 

Avg. 
Specimen 
Gradient 

0 F 

Temp. Difference 
Between Upper 

Rod and Upper Tube 
c F 

Dial 
Gage 

Reading 
o, ooor 

502 
1171 
949 

1182 
1364 
1573 
1787 
1185 
1579 
2007 
2270 
2660 
3010 
3000 

70 Í 

489 
1130 

926 
1129 
1334 
1544 
1761 
1157 
1539 
1964 
2170 
2570 
2930 
2920 

70 

h 
16 
18 
29 
28 
29 
24 
28 
27 
25 ¡ 

18 
34 
27 
29 
34 
39 
24 
30 
37 
43 
49 
53 

58 

0.9959 
0. 9957 
0.9954 
0. 9953 
0.9952 
0.9951 
0.9951 
0 9946 
0. 9945 
0 9946 
0. 9948 
0.9948 

0. 9948 
0.9950 

Note: 1. 
2. 

Total run time of 88 hours to determine time influence 
Specimen-f' diameter by 3" long. 
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Figure 26. Thermal Expansion of 'A' Nickel Calibrator in Graphite Dilatometer. 
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Figure 27. Thermal Expansion of CS Graphite Dilatometer Tubes. 
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Table 6 

Expansion Run on 'A' Nickel Calibration Specimen 
in Quartz Dilatometer 

Temperature 
Bottom of 
Specimen 

0 F 

Temperature 
Middle of 
Specimen 

0 F 

Unit Elongation in 
10“3 inches/inch 

112 
295 
367 
411 
104 
164 
332 
414 
561 
650 
741 

94 
252 
360 
403 
104 
163 
327 
409 
558 
642 

0 
0.9 
1.4 
1.8 

-0.6 
-0,3 
0.9 
1.6 
2.5 
3.2 
4.7 

Note: 1. Run made in same order as listing of data points. 
2. Specimenf" diameter by 3" long. 
3. Data not corrected for motion of quartz tubes. 

WADD TR 60-924 56 



T
h
e
rm

a
l 

E
x
p
a
n
s
io

n
 
o
f 

’A
' 

N
ic

k
e
l 

C
a
li

b
ra

to
r 

in
 G

ra
p
h
it

e
 
D

il
a
to

m
e
te

 

C
o

rr
e
c
te

d
 

S
p
e
c
im

e
n
 
U

n
it

 

E
lo

n
g
a
ti

o
n

 
in

c
h

e
s

 /i
n

c
h

 

0 0
.0

0
0

5
 

0.
00

23
 

0
.0

0
5
0
 

1 
0

.0
0

5
2

 
0

.0
0

9
1

 
0
.0

1
3
5

 

0
.0

1
5
0

 
0

.0
0

4
6

 
0
.0

0
7
8

 

0
.0

1
5
0

 
0
.0

0
1
2

 
0
.0

0
2
4

 
0

.0
0

5
5

 
0

.0
0

9
6

 
0

.0
1

4
0

 

0
.0

1
5
1

 
-0

.0
0

0
7

 

U
n

it
 
E

lo
n
g
a
ti

o
n

 
C

o
rr

e
c
ti

o
n
 f

o
r 

D
il

a
to

m
e
te

r 
M

o
ti

o
n

 

in
c
h

e
s

 /
 i
n
c
h

 

0 0
. 

0
0
0
1

 

0.
00

03
 

0
.0

0
0

5
 

0
.0

0
0

6
 

0
.0

0
1
1

 
0

.0
0

1
5

 

0
.0

0
1

7
 

0
.0

0
0

6
 

0
.0

0
0

9
 

0
.0

0
1
8

 
0
.0

0
0
2

 
0

.0
0

0
4

 
0
.0

0
0
8

 
0
.0

0
1
2

 
0

.0
0

1
7

 

0
.0

0
1

9
 

0 

O
b

s
e
rv

e
d
 
U

n
it

 

E
lo

n
g
a
ti

o
n

 

in
c
h

e
s

 /
in

c
h

 

0 0
.0

0
0
4

 

0.
00

20
 

O
.0

0
4
5

 
0
.0

0
4
6

 
0

.0
0

8
0

 
0

.0
1

2
0

 

0
. 

0
1
3
3

 
0

.0
0

4
0

 
0

.0
0

6
9

 

0
.0

1
3
2

 
0

. 
0

0
1

0
 

0
.0

0
2

0
 

0
.0

0
4

7
 

0
.0

0
8
4

 
0

.0
1

2
3

 

0
.0

1
3

2
 

-0
.0

0
0

7
 

O
b
s
e
rv

e
d
 
T

o
ta

l 
E

lo
n
g
a
ti

o
n

 

in
c
h

e
s

 

0 0
.0

0
1
3

 

0.
00

60
 

0
.0

1
3

5
 

0
.0

1
3

8
 

0
.0

2
4
1

 
0

.0
3

6
0

 

0
. 

0
3

9
9

 
0
.0

1
2
1

 
0

.0
2

0
6

 

0
.0

3
9

7
 

0
.0

0
3

1
 

0
.0

0
6
1

 
0

.0
1

4
2

 
0
.0

2
5
1

 
0

.0
3

6
8

 

0
.0

3
9

7
 

-0
.0

0
2
1

 

T
e
m

p
e
ra

tu
re

 
° 

F
 

y u 3 

2 K S ¡5^35 o" ih 0¾ cî R“ o in o> C5 o S'oo 
CMir30ÛÂC7C-O050iW00O^Oo505C0ii 

fHiHOiH »-< 00 cq iH rH 05 N 
S 05 ^ 
w Ä Si 

WADD TR 60-924 57 



In only a few runs were serious reactions noted between the tube 
and rod and the specimen ends. In these cases, the tube and rod 
measured very close to the pre-exposure lengths so that practically all 
of the reaction was within the specimen. In these instances, the 
specimens wholly melted, softened, broke, or otherwise deteriorated so 
that no particular effort was made to minimize the end reaction. When 
necessary to prevent reaction, as on an oxide prone to carbide at the 
elevated temperatures, tungsten foil has been placed between the specimen 
and tube and rod to minimize the carbon diffusion. The foil acts as a 
diffusion barrier and is very effective in preserving the end surfaces of 
both the specimen and the tube and rod. 

An Ames dial gage calibrated to 0 0001 inch was used for ail 
measurements. A differential transformer was considered but the large 
motion of the specimens, particularly at the deterioration temperature 
and the observed reliability of the dial gage precluded changing the 
system. 

The final treatment of the data provides readout to three significant 
figures so additional error is not introduced. The slope measurements on 
the motion versus temperature curves are at least to within 0 00025 inch 
per inch and 25e F. Since this slope measure is the unit expansion per 
degree F, no additional treatment is necessary. 

The probable error was statistically determined for the motion 
versus temperature curves to establish the maximum deviation that should 
be expected for 50% of the observed data points from the smooth curve 
This deviation was more motion dependent than temperature dependent and 
was found to be about 4% at the 3 x IO'3 inch per inch range and less than 
I /o at the 15 X 10 inch per inch range. The over-all probable errors for 
ATJ, TaB, ZrB, HfC, and SiN were 3¾%. 1% 1%, 2%, and.2% 
respectively. Except for temperatures at which the specimens were 
deteriorating, these data are representative. 

THERMAL CONDUCTIVITY 

Apparatus and Procedure 

Thermal conductivity measurements were made to 500(T F with a 
radial heat flow apparatus that utilized a miniaturized specimen-? inch 

A cross section schematic and a picture of in diameter and4 inch long. 
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he conductivity apparatus are shown in Figures 28 and 29, respectively 
In addition to the specimen itself, the apparatus consists primarily of 
JJ a wa‘er ca^or™eter that passes through the center of the specimen 
2) guards made from the specimen material at both ends of the specimen 

to prevent axial heat losses, (3) optical or thermocouple temperature 
measuring devices in the specimen, and (4) an external heat source The 
water calorimeter provides a heat sink at the center of the specimen to 
create a substantial heat flow through the material. Thermocouples 
mounted 4 inch apart in the calorimeter water stream measure the increase 
in the temperature of the water as it passes through the gage portion of the 
specimen. By also meter ing the water flow through the calorimeter all 
variables necessary for calculating heat flow are determined. The total 
radial heat flow through the-J-inch specimen gage section into the 
calorimeter is calculated from the standard relation of Q = MCAT In 
this particular case, M is the weight of water flowing per hour, C is unity 
for water, and AT is the temperature rise of the water as it passes 
through the gage section. 

. , The specimen configuration is f inch long, f inch outside diameter 
i inch inside diameter, with-f inch deep, gf inch diameter holes on radii of 
J? lnc,h an,d 10 lnch t0 Permit temperature measurement within the specimen 
Guards of specimen materialinch long are placed above and below the 
-f-inch specimen to maintain a constant radial temperature gradient over a 
sufficient axial distance and so minimize axial heat flow. The ends of the 
specimen guards are insulated with lamp black-filled graphite tubes, which 
also hold the specimen in alignment. The combined effect of specimen 
guards and excellent lamp black insulation permit a minimum axial 
temperature gradient not detectable by optical pyrometer readings 
sensitive to 10 F. 

To provide controlled radial heat flow from the | inch inside 
diameter of the specimen to the 3¾ inch outside diameter of the water 

rm^erftíej the annulus was Packed with copper, graphite, or lamp 
black The filled annulus permits heat flow through the material and also 
provides a positive method of centering the water calorimeter within the 
specimen. Generally, copper granules are preferred as the packing on 
low temperature runs to increase the heat flow, and graphite lathe dust 
is best on high temperature runs. Some exceptions were encountered, 
especially on materials with a high conductivity. To prevent swamping 
of the calorimeter by excessive heat flow in these cases.. low 
conductivity packing materials were used. Copper was replaced by 
graphite, and in one instance graphite was replaced by lamp black. The 

WADD TR 60-924 59 



Figure 28. Cross Section of Radial Conductivity Unit. 
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Water-Cooled Stainless U 
Steel Sight Tube 
Extension Í) 

Thermal Conductivity É 
Specimen 'Ê 

g / V MSÊ 

■ . sMÄ 

Calorimeter Water jPlj 
Thermocouple Leads 

•-- - ----- r>.‘#a 

; Graphite Tube 
; , . Containing Sight 

Tubes and Lamp 
Black 

• ; /■ 

Specimen Guards 

Graphite Tube 
Containing Lamp Black 

Calorimeter Tube t 

:.'-c; -y.v-ci.'Zr:,- ■ ;v ■ ■ v .. v 

• .. - -"r .. .¡r*-: .r ■- ’ {>.■■'* F-- 

t :/ vrpf 

Thermocouple 1 
¿0^ Junction Box 

i w ———— 

Figure 2?. Picture of the Padiai Thermal Conductivity Apparatus 
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use °f lamp black in the annulus between the specimen and tube also 

elevad t‘"Ca“fe's 0V"'a11 ^ the 

011 l0W t^mPf1fature runs (to 2000a F), the specimen temperatures 
were measured with Chromel-Alumel or platinum-platinum + 10% rhodium 
thermocouples. At high temperatures, optical sight tubes were aligned to 
view the bottoms of the specimen temperature holes from the top ofT 
furnace. The temperature drop across the inch specimen distance was 

device! an °PtlCal Pyr0meter siShted through a right-angle mirror 

In the prior Figure 29 showing a typical conductivity calorimeter 
apparatus ready for insertion in a furnace for a run, the specimen and 
specimen guards can be seen at the center of the unit. The specimen 

famíblllk Sh0U)ldtered wUhin the graphite extension tubes that contain 
lamp black insulation. A water-cooled, stainless-steel section can be 

tubeVfo fi°P °[the T' ThiS SeCti0n Provides Permanent optical sight 
tubes to within about 2| inches of the guard specimen, in addition to a 
permanent mount for the right-angle mirror device. Within the short 
graphite tube between the water-cooled section and the top specimen guard 

■ 

For low temperature runs, thermocouples were placed in the 
rrr e“perature holes' the leads were passed through the lamp 
s ehítuíe? re hP °i the gUard Specimen- and out of the water-cooled 
lefds wÏe'tieÎ Je,Sh0rtfSecti®n containing lamp black, the thermocouple 
leads were tied to the water calorimeter tube for low temperature 
protection. Attempts were made at the low temperatures to install the 
graphite sight tubes used on high temperature runs and pass the thermo¬ 
couple leads out through both the graphite and water-cooTed tubes Sat 
losses caused by this procedure were excessive at low temperares 

TuhUL I! u ‘if Were rem0Ved and the entire annulus was fUled with lamp black. The necessity of omitting the graphite sight tubes at 
low temperatures made separate low and high temperature runs 
necessary. the presence of the tubes and the resulting openings had 
been permissible, thermocouples for low temperature data could have 

rirTe i 1 f °Ut bef0re meltÍng* making °nly 0ne run "pessary to cover the entire temperature range; however, the duplicate runs at the 
overlap temperature range provided a good check on that data. 
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During thermal conductivity runs, the following data were recorded: 
(1) power input, (2) specimen face temperature, (3) specimen temperatures 
in the gage section at the jJ-inch and jf-inch radii, (4) temperature of the 
water in the calorimeter at two pointsinch apart axially within the 
specimen center, and (5) flow rate of the water through the calorimeter. 
Several readings (four to six) were made at each general temperature range 
to establish data scatter, to eliminate the error due to stray points, and to 
determine the influence of water flow rates through the calorimeter and 
provide a method of observing internal consistency in the data. Generally, 
a series of readings was made about every 500° F through the temperature 
range. 

All thermocouple readings were measured on a Leeds and Northrup 
K-2 null balance potentiometer used in conjunction with a galvanometer of 
0.43 microvolts per mm deflection sensitivity. All optically measured 
temperatures were read with a Leeds and Northrup Type 8622 optical 
pyrometer. The flow rate of the calorimeter water was measured with a 
Fischer and Porter Stabl-Vis Flowrator. 

The thermal conductivity values for the materials were computed 
from the basic heat flow equation K = QL/AAT where Q is the heat flow 
in Btu/hr, A is the area through which the heat is flowing, AT is the 
temperature drop, and L is the length between inner ánd outer temperature 
measuring holes. For a cylindrical specimen, the area is not constant 
and is usually taken as the log mean area. For the particular specimen 
configuration, the temperature measuring holes wereinch in diameter 
and located on ¡f- and inch radii. Therefore, the area (0.00272 square 
feet) would be defined by these two radii and the axial gage length 
(4 inch) determined by the placement of the thermocouples in the 
calorimeter. Since the specimen is axially guarded, the end areas are 
not involved. Also, since the temperatures are determined over a finite 
area including parts of each hole, the distortion of the temperature 
gradient would be greater than the deviation from linearity caused by the 
changing area between the temperature holes. For this reason, the area 
was taken as the arithmetic mean rather than log mean, thus employing 
the minimum sophistication. The error involved in this simplification is 
2.2% and is less than the observed data scatter. Sample calculations for 
the area computation are given in Appendix 3. 

Mean temperatures for the conductivity values were taken as the 
arithmetic average of the two thermocouple readings at the lower 
temperatures. When optical pyrometers are used to measure specimen 
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temperatures, the observed temperatures are low because of losses 
through the viewing tubes. This deviation of observed temperature varies 
from about 25 F at 2000° F to around 200° F at 4000° F. Since the 
viewing tubes are identical, the temperature differences are not influenced 
by these losses. However, the mean temperature would be in error if an 
arithmetic average were used. Consequently, to get a more accurate 
mean temperature measurement, the outer face temperature was measured 
optically, and the temperature at the center of the gage section was 
computed from the observed temperature drop across the holes and the 
specimen configuration. For this particular specimen size, the distance 
between the outer face of the specimen and the center of the gage section 
between the two temperature holes is equal to the distance between the two 
temperature holes. However, the average cylindrical area (A) between the 
temperature holes is only 80% of that between the outer face and the 
midpoint between the temperature holes. Therefore, the temperature drop 
between the outer face and the mean position between the temperature holes 
is 8U% of the observed temperature difference between the holes. It follows 
that the mean temperature of the gage section is equal to the outer face 
temperature minus 80% of the observed AT. The furnace configuration 
insures essentially a black body condition for the outer face of the specimen, 
providing a good reference temperature at that point on the specimen. A 
sample calculation is included in Appendix 3. 

No correction to the value of the AT is necessary because both 
temperature holes are physically similar and the temperatures are 
sufficiently close so that the deviation from absolute true value is equal 
for each and is cancelled out in the subtraction process to obtain the AT. 
A study of the tables including the recorded data indicates that for 
practically all readings employing optical temperatures, the temperature 
drop (AT) across the specimen was fairly high so that small errors in 
reading the temperatures would have similarly small effects on the 
calculated conductivity value. 

Data and Results 

The thermal conductivity values for the materials evaluated in 
this work are shown in Tables A-32 through A-44 in Appendix 2. The 
curves resulting from the plotted values are shown in Figures A-31 
through A-43 in Appendix 1. 
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An extensive number of runs were made on CS graphite and ATJ 
graphite for calibration purposes. Also, to determine the sensitivity of 
the apparatus for a wide range of conductivities, runs were made on 
copper (very high K), Armco iron, 316 stainless steel, and silica (very 
low K). The sensitivity of the apparatus was good for the full range, and 
agreement with the literature was generally within 10% to 15%. A complete 
discussion of the calibration of the radial conductivity apparatus is 
discussed in the next section of this report. 

On specimen materials for which literature data were available, 
comparisons of Southern Research Institute values were made. Good 
agreement was found in some cases such as for ATJ graphite and the 
2500° F temperature range for ZrN, TiN, and ZrSi04. The absolute 
values and curve characteristics compare very closely to several 
literature references for ATJ and GBH graphite. For tungsten, literature 
references differ from Southern Research Institute data by about a 2 to 1 
ratio. For example, at 3000° F, literature data for single crystal tungsten 
is about 740 Btu/hr ft2 ° F/in. compared to a Southern Research Institute 
value of about 430 Btu/hr ft2 ° F/in. The large difference between the two 
sets of data is quite possibly due to the fact that the literature data is for 
single crystal tungsten while the Southern Research Institute data is for 
arc-cast polycrystalline tungsten. The large influence of heat treatment 
is discussed later in this section. 

After studying Southern Research Institute data and several 
literature references, it appears that considerable differences in thermo¬ 
physical properties of refractory materials can exist as a result of 
different batches of the same material, different forming methods for the 
same material, and different temperature exposure histories on the same 
material. 

A discussion of the thirteen thermal conductivity curves and the 
circumstances related to the individual runs should provide a clearer 
understanding of the data. On each curve, the plot is extended beyond 
the mean temperature of the data point to the maximum hot face 
temperature for that material on a conductivity run. 

Figure A-31 shows data points and the resulting curves for ATJ 
graphite. On several runs below 4000° F, the data repeated itself quite 
well. However, runs on the material after exposure to 4000° F resulted 
in a significant increase in its thermal conductivity. Later runs after 
specimen exposure to 4800° F showed no additional increase in 
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n™' ^ “«—• «-W-« on snCuenTe^ri18"“ 10 

were made to establfs^cuÍvelnflecXir^ ^81 tungsten Several runs 
data established an upward inflection oi\hp aCCUrateIy as Possible. The 
softening point of tungsten Above 2500“ F ^ ^ vlcinity of the 
until at about 3600“ F it had rtÍurL/f0 ’ , conductivity decreased 

1500° F. From the 3600° F range untUth afb0Ut eqUai t0 the value at 
conductivity increased reasonably rn ^ °f the exPosure. the 

at 4800° F is about as would be expectedTf the nf that ^ conductivity 
extrapolated. Perhaps the hifrh fpm . the llterature data were 
-eue, and gra,„ Ero„^ ^ S,"S8 

specimen co„,d no, be made because „ was Inadverten”, rn'eaed!'8’“’0“'' 

versuMemper^ture' curves ^ ^ "* “»™* eonduettvl.j. 
hafnium „Uride speetaens „em tuieím ‘hiS ™e 
they d,d not appear lo disassociate or form a carbidTV T0“®11 
breakage, the temneratn»0 .. carbide. Because of the 

conductivity values were quUe posslbl 7 ^ R thermal 
breakage; however the r ,r ‘ ° t y affeCted by the specimen 
K from 500° F to 1000“ F theVa 0 ^ ^ ^ data Sh°WS a Aerease in 
temperature exposure ^86 thr°Ughout the remainder of the 

UP to SlTer^o^ established smooth curves 

maintained a smooth curve with no notable inf! ! ^ SlllC°n nUride 
had a constant K increase up to about 3200° F h f m TUaniUm nitride 

™7ned the COndUCÍiVlty —d SteaFduar 4Íh00“F ScrdUally 

K increpe0;;" atr;f290(:“bFÍSt?arttr iVUydCdrVe 
The material once again broke J m 7 decrease thereafter. 

Ín th— conductiÆy^^e^^^‘^rrent 

show tha? the^herlaTconductivay^1^ ^ zirconium boride 
temperature was raLed fr0m 500^ ^ ^ aS the 
constant up to the 3200° F to 3700e f ° F’ Iemained about 

azuu F to 3700 F range, then increased slightly 
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through the remainder of the temperature range. Both materials 
deteriorated at a little above 4000° F face temperature. 

Figure A-39 shows the curve for the thermal conductivity of 
zirconium silicate. Throughout the temperature range, the conductivity 
decreased gradually with only slight curve inflections. Around 3300° F 
vapors were emitted in the optical sight holes indicating specimen 
disassociation. 

Figures A-40, A-41, A-42, and A-43 show the curves for the 
carbides of columbium, hafnium, tantalum, and zirconium. All four of 
these materials broke prematurely during the runs so a process of 
annealing the specimens by heat soaking them at about 4500' F for 
15 minutes was introduced. Three of the materials had greatly improved 
thermal shock resistance as indicated in the picture in Figure 16. The 
other material, hafnium carbide, broke prematurely even after being heat 
soaked. The most notable fact discovered was that the thermal 
conductivities of the materials were changed by the heat soaking procedure 

The curve of thermal conductivity versus temperature for 
columbium carbide shows a decrease in K between 500 ' F and 1000° F, 
then a reasonably smooth increase through the remainder of the 
temperature range. The large scatter for specimens that had not been heat 
soaked (hereinafter referred to as unsoaked specimens) is probably the 
resuit of fractures and fissures formed internally. No clear difference 
m conductivities is noted for the heat soaked and unsoaked specimen. 

The hafnium carbide data is rather difficult to analyze. The low 
temperature data on an unsoaked specimen established a conductivity in 
the vicinity of 100 Btu/hr ft* 0 F/in. The heat soaked specimen, however 
established the top curve in Figure A-41, which showed a decrease in 

?onooCtlVlty fr0m ab0Ut 390 at 50()O F t0 about 290 at 100°" F- Between 
1000 F and 2000° F, the conductivity values for the heat soaked specimen 
fell well below 200 Btu/hr ft2 0 F/in. ; but from 2000r F to 3800° F the 
conductivity was again between 200 and 300, establishing the curve in 
that range. It is difficult to believe that the heat soaking really shifted 
the data so much; however, observe that duplicate runs were made on 
the unsoaked specimen rather firmly establishing that data. 

The tantalum carbide data for the unsoaked specimen established 
a reasonably smooth curve throughout the temperature range. The 
heat soaked specimen had a conductivity about 40% below the original 
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values in the 2000 F vicinity. The slope of the curve for the heat soaked 
specimen was steeper, however, and approached the original curve at 
above 4500 F. This would be expected since the high temperature 
exposure during the run on the unsoaked specimen would tend to produce 
the same conditions within the specimen as the separate heat soaking. 

The data for zirconium carbide indicated a high initial conductivity, 
a rapid decrease with temperature increase up to about 2000f F, then an 
increase with temperature up to about 3500 F and then an essentially 
constant K for the remainder of the temperature range. At the top 
temperatures, the thermal conductivities of the heat soaked and unsoaked 
specimens tended to converge as expected. Again, the high temperature 
exposure provides similar results to the heat soaking. 

All of the carbide materials had both radial and circumferential 
fissures perhaps about ^ inch to-J inch long. Undoubtedly, these 
interfaces distorted the temperature gradients and had a real influence 
on the thermal conductivity. This physical feature also probably caused 
the greater data scatter found for the carbides. 

In Part 2 of this work, the chemical analysis of these specimens is 
to be made. At that time, perhaps an analysis can be made of the 
conductivity data relating inflections and values with property changes of 
the materials. 

CALIBRATION AND ERROR ANALYSIS 
OF THE RADIAL THERMAL CONDUCTIVITY APPARATUS 

The radial thermal conductivity apparatus employs the direct 
measure of heat flow, area, and temperature drop per unit length 
parallel to the heat flow so that the accuracy is as good as the total of 
the separate measurements. The following variables require precise 
determination: (1) the radial heat flow into the axial calorimeter and 
(2) the radial temperature drop over a known finite increment.of the 
radius. Spurious detrimental influences must be eliminated such as 
(1) axial heat flow in the specimen, (2) distorted circumferential 
isothermals in the specimen, and (3) faulty calorimeter measurements. 

The specimen size must permit the existence of large variables 
such as heat flow and temperature drop so that the sensing accuracy is 
sufficient to minimize excessive measurement errors associated with the 
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basic instrument sensitivity. Sometimes these requirements are in 

íaSíCi' ®Xfmpie< iarger diameter specimens would permit larger 
radial lengths between the temperature measurement points but would 
seriously reduce the rate of heat flow into the calorimeter. Specimen size 
is also important m the ability to maintain a sound specimen. large 
refractory pieces are prone to heterogeneity and thermal cracking 
Par,Ularly radial temperature gradients. The chemical and 
metallurgical make-ups of the specimen are also often critical in that they 
must be stable in the furnace environment and must not change during a 
™n‘ F0r example' the conductivities of ATJ graphite and zirconium 
that ™ were found to vary with heat soaking of the specimen. Considering 
ínítm re ra,Ct07 materials are simply small particles bonded at their 

junction points (rather than containing a continuous lattice like a metal) 
the major mfiuence of the thermal history of a material on its thermal 
conductivity is easüy understood. Also, the data scatter was observed 
to relate closely with the deterioration of the specimen. 

The accuracy of the Southern Research Institute radial conductivity 
apparatus is estimated to be 10% with a data scatter of 15% for materials 
that are reasonably homogeneous and constant in physical and chemical 
properties This accuracy was confirmed with runs on several "standards" 

Th'e at/™* i1™00 lr0"’ 3'6, Stee*' CS .„d ‘ O The ATJ graphite specimen is also considered as a "standard" since 
considerable literature data are avaUable on this, and similar, fine-grain 
graphites. The reliability is further enhanced by the consideration that 

“aterial seParate runs were made with one using thermocouples 
and the other using an optical pyrometer to measure the radial temperature 
difference. The continuous lineup of the two curves demonstrated a 
regular internal consistency. 

. A ^01, concem m this high temperature measurement that requires 
an intimate knowledge of both the technique and the materials is that gross 
errors in the conductivity value can be obtained with no ostentatious 
warning For example, silica boU off (from specimens containing silica 

sLhf nnÍJ °7n ÍmpU.rÍty) Can Pr0vide a condensing curtain in the optical 
ight ports and cause the apparent temperature in the hole to be that of 

the curtain rather than that at the bottom of the hole. Also the 
calorimeter can become swamped at excessively large heat inputs so 
that gas or steam bubbles form around the thermocouple junctions 
insula mg them trom the water stream and giving uniform appearing, 

ut actually erroneous, temperature indications. Difficulties of these 
types can usually be detected by a careful study of the internal consistency 
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of the data both at a single and over a large temperature range. Obtaining 
many data points (six, usually) at a single specimen temperature while 
varying only the water flow rate through the calorimeter was a great 
assist in noting the internal consistency of the data as well as in supplying 
multiple points to allow a statistical treatment of the data. 

Some of the specific measurements require a detailed discussion. 
The absolute temperature of the outer face of the specimen was obtained 
using thermocouples and an optical pyrome ter. The calibration of the 
sight ports is discussed in another section of this report. The radial 
temperature drop through the specimen was measured by thermocouples 
at up to 2000 F and by optical pyrometer at over 2000° F. The error in 
the optical reading is primarily one of human judgment and will show a 
scatter of about ± 10° F. Above 3000° F, the temperature drop through the 
gage length was usually about 150° F or better so that any one reading could 
contain an error of 14%. Since six readings were obtained at each 
temperature point, the actual error of the arithmetic average was 
undoubtedly much less than the scatter-perhaps half of the statistical 
probable error or about 4%. 

The radial distance between the points of temperature measurement 
was inherently small because of the small specimen. The spacing was 

inch. The holes in the center specimen weregf-inch diameter at the top 
and about inch at the bottom. Since these holes were ultrasonically 
ground with a precision machine, and since the holes and sight tube were 
aligned before the run, the major error in determining the gage length 
was undoubtedly in aligning the hot wire of the pyrometer with the hole. 
See Figure 30 for a picture of the hole with the hot wire shifted slightly 
off center. It seems reasonable that the hot wire was regularly aligned 
within one quarter of the diameter of the bottom of the hole or one eighth 
of the diameter of the top of the hole. Generally, the eye can read to 
within one tenth of a one-sixteenth inch spacing between finely spaced 
lines, This same accuracy should apply to placing the hot wire on the 
diameter of the hole. On this basis, any one reading should be within 
15% of the actual gage length. Again assuming that the multiple readings 
would result in an error of about half of the probable error, a 4% error in 
data could be experienced. 

e 

The water calorimeters were calibrated by passing electric 
current through the outer metal tube and comparing the input KW energy 
over the gage section containing the thermocouples with the output energy 
rate as picked up by the water; see Figures 31, 32, and 33. In all cases, 
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Figure 31. Thermal Conductivity Calorimeter Linearity wi with Heat Rate. 
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Figure 33. Thermal Conductivity Calorimeter Linearity with Heat Rate 
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the calorimeters had a linear relation between input and output. Generally, 
the absolute value of the output ranged from 20% higher to 20% lower than 
the input. This deviation was not considered important since the main 
requirement was to demonstrate linearity and since the actual electrical 
input varied down the metal tube as the wall thickness and electrical 
resistance varied. About a 20% variation in voltage drop down the tube 
was noted at constant current by direct measurement with a voltmeter. 
At a constant input electrical KW, the output KW indicated by the 
calorimeter temperature and water flow rate measurements varied by an 
average of about 10%. Again assuming that the actual error would be 
about half of the probable error when the arithmetic mean of several 
readings is used, about 3% error could be expected. The water flow rate 
and water temperature rise measurements were both within 1% at 1500° F 
specimen temperature and higher so the absolute measurements were 
precise. Generally, the water flow was 15 to 20 gph and the temperature 
rise in the water was about 2 F at the 500° F specimen temperature and 
10 F or better at over 2000° F specimen temperature. 

Some calorimeters were a little more sensitive than othars to the 
water flow rate. From Figure 34, note that the heat pickup rate for 
calorimeter number four was independent of the water flow rate; whereas, 
the heat pickup rate for calorimeter number two fell off at increased 
water flow rates. It is suspected that as a calorimeter aged and an 
insulating film formed on the thermocouple junctions, the water flow 
rate sensitivity increased. 

There are other factors that could influence the accuracy of the 
apparatus but which defy a very rigid discussion. It is doubtful if axial 
heat flow was a serious problem. Performance was constant whether 
a stainless or copper calorimeter tube was used and the conductivity 
ratio of the two metals is one to ten. The use of graphite or copper 
powder to fill the annulus between the specimen and calorimeter had no 
error influence except when copper permitted swamping of the 
calorimeter. The removal of the upper guard specimen did not seriously 
influence the data. The very low conductivity of the lamp black at either 
end of the guard specimens could not permit much axial heat flow. 

Another difficult variable to evaluate is the distortion of the 
circumferential isothermals by the holes drilled in the specimen. 
Observation of the top of the specimen through the optical sight ports 
indicated no disruption; however, this instrument could not detect a 
gradient less than 10 F. Post inspection of the specimens indicated 
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color rings and circumferential melting and disassociation that inferred 
no detectable isothermal contortion. It is doubtful if this were a serious 
parameter. It is important to recall that even though the specimen 
“ Wa,S.Sma11’ the length t0 diameter ratio was 2 to 1, or more than 

often used in apparatus of this type using larger specimens. The 
picture m Figure 35 shows isothermal color lines that were formed in two 

unonTnni8 T ^ t0 4500° F- ^though the specimens broke 
upon cooling, observe that there are no disruptions of the isothermal 
lines even at the sight holes. 

This apparatus was calibrated against several "standards" with 
therma! conductivities ranging from 50 Btu/hr/ftr F/in. for silica 
200 for Armco iron and 316 stainless steel, 700 to 200 for graphite,'and 
2400 for copper; see Figure 36. All of the other data agreed well with 

n^S i !rn Research Insti‘ute results. The deviation averaged about 
10% and demonstrated no trend. 

The final data treatment involves the plotting of the data and then 
visual curve fitting to obtain conductivity versus temperature. No error 
is introduced by this treatment. Generally, only data was rejected that 
was either internally inconsistent or else that was a high and a low out of 
multiple readings and significantly influenced only the scatter, not the 
arithmetic mean. All data points are plotted on the conductivity curves 
unless specifically noted as when the scatter of separate runs would 
overlap and confound a comparison. 

The probable error was statistically determined for the conductivity 

Zr!Z Tfraw Cfurves t0 eStabliSh the maximum deviation that should 
be expected for 50% of the observed data points from the smooth curve 
This deviation was more dependent on the thermal conductivity range than 
on the temperature and was found to be about 4% at the 50 Btu/hr/ft2/0 F/in 
range and 2% at the 700 range. The over-all probable errors for ATJ, 
TaB, ZrB, and SiN were about 4*%, 6¾%. 3%, and 2£%, respectively In 
those cases in which the specimen was found to be, or suspected of 
remaining thermally sound, these data are representative. When the 
specimen suffered from fissures, breaks, cracks, composition change, 

e influence of the heat soaking, then these limits of probable error do 
not apply and the data for the material must be evaluated in the light of 

mLTV mUlar nviaterial chanSe or history- For example, the fissures in 
most of the carbide specimens undoubtedly contributed to the increased 
data scatter for these materials. 

or 
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MISCELLANEOUS OBSERVATIONS 

_ j fl Son;e interesting observations developed concerning the molybdenum 
. .tUngSten Wlre used lnside the furnace. The molybdenum wire lost its 
ductility after being heated above 2500 ■2600° F. At about 3700-3750° F the 

between nUm - '“»‘»8 tig.ther ,or„ n^a good weld 
br ”e r'eS,d •fT, "’°Ugh ,he ar'a i“sl of ,h' »«Wed ine was”üe 
hph h h Wel USelf Seemed to have g°od strength. The tungsten wire 
meHil L"mU tthe ®ame manner as the motybdenum, except íhat the 
melting of tungsten did not begin until above 4000° F. Welds were made 

tun^r tW°pieff °f molybdenum, two pieces of tungsten, and between 
tungsten and molybdenum. In the Mo-Mo, W-W, and W-Mo welds the 
ad aeent wires were all quite brittle. It is likely that the presence of 

and njWhd resp0nslble for the lowering of the melting points of tungsten 
and molybdenum. The presence of 5. 5% silicon forms a eutectic o/ 
molybdenum, which melts at about 3750° F Four percent silirnn ^ 
tungsten to melt at about 4070° F. Since the melting points of molybdenum 
and tungsten are about 4760° F and 6170° F, respectively, it appears that 

niethep peC, C.WaS forming. The silicon probably vaporized from the silica 

of he MPlfg lnsa at0r brlCks as they were originally made. A picture 
we s oi med in the heat capacity furnace is shown in Figure 37. 

in me e graphlte battlng for insulating purposes was used during one run 
the expansion furnace. The batting was not suitable for this high 

e npeiature insulation application and was removed. The fiber dfd not 
seem to maintain any strength-and very little soundness or integrüy- 
after heating, permitting the batting to fall apart. 

, A-f.le!Ce °f tantalum «heet was placed in the heat capacity furnace 
Thef Wí ^ tungst®;n/molybdenum and tungsten/rhenium thermocouples 
JtmosT f Perf0rmed aS a "geUer- ” keeping impurities in the 
thP th P eie n°,rn contaminatlng the thermocouples. The useful range of 
the thermocouples was increased by several hundred degrees. 

murh ng the mnny rUnS °n the graphite helices and the thin tubes, 
much data were collected on the electrical resistance of the graphite 
Contrary to many reports in the literature, the resistance did not se¡m 
to decrease appreciably with temperature from 2000° F up to 5000° F 

The apparent current bypass around the helices was eliminated 
It appears that the 4000 F breakdown did occur at 20 volts per inch AC 
and did not occur at 5 volts per inch AC or DC. 

WADD TR 60-924 80 



F
i
g
u
r
e
 
3
7
*
 
P
i
c
t
u
r
e
 
o
f
 
M
e
l
t
e
d
 
T
u
n
g
s
t
e
n
 
a
n
d
 
M
o
l
y
b
d
e
n
u
m
 
P
i
e
c
e
s
 
a
 

T
e
m
p
e
r
a
t
u
r
e
s
 
W
e
l
l
 
B
e
l
o
w
 
t
h
e
 
C
r
y
s
t
a
l
 
M
e
l
t
i
n
g
 
R
a
n
g
e
.
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CONCLUSIONS 

The heat capacity was found to vary considerably with temperature 
over the full temperature range; however, very few serious inflections 
were observed. 

The thermal expansion was observed to be very dependent on the 
prior thermal history of the specimen. Considerable nonlinearity was 
noted at temperatures within 1000° F of the deterioration temperatures. 

The thermal conductivity values were simiiir for families of 
materials but varied considerably over the temperature range. The prior 
thermal history of the material significantly altered this property. 

The specimen materials did not perform to temperatures anticipated 
from handbook values. Much more understanding is required on the 
influence of extreme temperatures on the behavior of refractory materials. 

J 
i 
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APPENDIX 1 

Data Curves for the Heat Capacity, Thermal Expansion, and 
Thermal Conductivity Specimens and Calibrators 
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Figure A-7. Enthalpy and Heat Content for Tantalum Boride. 
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Figure A-10. Enthalpy and Heat Content for Columbium Carbide. 
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Figure A-ll. Enthalpy and Heat Content for Hafnium Carbide. 
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Figure A-16. Apparent Enthalpy and Heat Content for 304 Stainless Steel Basket. 
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Figure A-18, Thermal Expansion of ATJ Graphite. 
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Figure A-19. Thermal Expansion of Tungsten. 
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Figure A-21. Thermal Expansion of Zirconium Boride. 
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Figure A-23. Thermal Expansion of Hafnium Carbide. 
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Figure A-25. Thermal Expansion of Zirconium Carbide. 
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Figure A-27. Thermal Expansion of Silicon Nitride. 
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Figure A-29. Thermal Expansion of Zirconium Nitride. 
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Figure A-30. Thermal Expansion of Zirconium Silicate. 
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Figure A-31. Thermal Conductivity of ATJ Graphite. 
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Figure A-34. Thermal Conductivity of Silicon Nitride. 
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Figure A-35. Thermal Conductivity of Titanium Nitride. 
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Figure A-38. Thermal Conductivity of Zirconium Boride. 
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Í ’igure A-39, Thermal Conductivity of Zirconium Silicate. 
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APPENDIX 2 

Data Tables for the Heat Capacity, Thermal Expansion, and 
Thermal Conductivity Specimens and Calibrators 
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Table A-16 

Enthalpy Data for 304 Stainless Steel Basket 

O 
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Table A-17 

Enthalpy Data for CS Graphite Basket 

Recorded Data 
SRI Run 
Number 

Drop 
Temperature 

° F 

Initial 
Weight 
Grams 

Final 
Weight 
Grams 

Enthalpy 
from Drop 

Temperature 
to 32° F 
Btu/lb 

HC 130 
HC 71 
HC 70 
HC 131 
HC 132 
HC 143 

2500 
2524 
3001 
3010 
3600 
4150 

3.215 
3.215 
3.215 
3.215 
3.215 
3.215 

3.215 
3.215 
3.215 
3.215 
3.215 
3.215 

1030 
876 

1190 
1040 
1380 
1730 
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APPENDIX 3 

Sample Calculation for the Determination 
of the Thermal Conductivity 
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Sample Calculation for the Determination of the Thermal Conductivity 

Data recorded during run: 

H20 Flow = 15.0 gph 

H20 AT =1.6° F 

Specimen AT = 70 F (measured by optical pyrometer) 

Specimen Outer Face Temperature = 2500° F (measured by optical 
pyrometer) 

Area Computation 

A = 
2 144 

where r2 and r, are the ¡f-inch and jf-inch radii on which the temperature 
measuring holes are located and 1 is the-J-inch axial gage length 
determined by the placement of the thermocouples in the calorimeter, 

A = V 0* 2!>() 
2 144 

A r 27T X 0.250 X 0.250 
144 

A = 0.00272 square feet 

Substituting in the basic heat transfer equation Q = M c AT where (1) Q 
is heat flow, Btu/hr, (2) M is weight of water flowing, Ib/hr (3) c is 
specific heat of water, 1 Btu/lb-° F, and (4) AT is temperature difference 
between the water calorimeter thermocouples, 0 F. 

q = M c at - X 8, 33 lb X 1 Btu X 1.6° F 
hr gal lb-° F 

Q = 200 Btu/hr 
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Next, using the heat transfer relation 

» QL K 
AAT 

where (1) K is the thermal conductivity, Btu/hr-fta-° F/in., (2) Q is the 
heat flow Btu/hr, (3) L is the radial distance between the two temperature 

n nno-?oPeCÍmen' « inch' (4> A is the arithmetic average cylindrical 
area 0.00272 square feet, and (5) AT is the temperature drop across the 
8~i.nch radial difference between the two temperature holes, 0 F. 

K = QL 200 Btu X 0.125 in 
AAT hr X 0.00272 ft2 x 70° F 

K = 131 Btu/hr-ft2-0 F/in. 

Finally, to compute the mean temperature, the derived special calculation 
is used. 

Mean Temperature = Outer Face Temperature - 0.80 (specimen AT) 

Mean Temperature = 2500° F - 0. 80 (70° F) 

Mean Temperature = 2500 - 56 = 2444° F 
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