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FOREWORD

This report, prepared by the Flight Propulsion lLaboratory Depart-
ment, General Electric Company, summarizes the results of investigatious
performed under the auspices of the Department of Defense, through the
Advanced Research Projects Agency, Order No. 24-61, Task 6, Project No.
4776, "Materials Thermal Propertiecs,” and in accordance with contract
No. AF33(616)-6841. The contract was administered by the Directorate
of Materials and Processes, Deputy for Technology, Aeronautical Sys-
tems Division, Mr., P.W. Dimiduk, and Lt. W.C, Jones, project engineers,

The work reported herein was performed during the period 1 July
1961 to 30 June 1962, inclusive. Reference is generally made to WADD
Technical Report 60-646, Parts I and II in which work accomplished ear-
lier was reported. This report is published in two volumes; Volume 1
reports the results of studies concerned with the 'Carbonization of
plastics.” Volume 2 concerns the "Refractory Materials Research” por-
tion of the contractual effort.

The overall program during the period was under the direction of
Dr. G. M. Kibler, Flight Propulsion Laboratory Department. The in-
dividual tasks were conducted as follows;

1. Carbonization of Plastics - Directed by J. A. Coffman; work by
W. S. Horton, E. E. Stone, G. P. Brown, E. G. McGowan, G. P.
Schacher, A. Goldman, and H. Friedman.

2., Vapor Pressure of Refractory Materials -~ Directed by Dr. G. M.
Kibler; investigations performed by Drs. T. F. Lyon and M. J.
Linevsky.

3., Spectral Emissivity of Refractory Materials - Directed and
performed by Mr. V., J. DeSantis under consultation by Drs.
Earl Feinbold and P. Gorsuch.



ABSTRACT

Results of continued investigations of the vapor pressures of pressures
of selected refractory materials and the gpectral emissivities of similar
classes of compounds are presented in this report: Volume 2 of WADD Technical
Report 60-646, Part III.

Vapor pressure studies have been conducted through the application of
Langmuir evaporation, Knudsen effusion, matrix isolation and resonance line
absorption techniques. The vaporization of hafnium and zirconium nitrides
was studied by the Knudsen effusion method; the Langmuir evaporation method
was applied to pure hafnium metal, Matrix isolation of vapor over thoria
proved successful and structural assignments have been made to various bands
in the infrared absorption spectra of the matrix isolated species. Resonance
line absorption photometry studies of TiBg have been completed.

Normal spectral emissivity data from 0.4 to 5.0 microns and from 1500
to 25009K, supported by systematic methods of material characterization,
have been obtained (through studies reported here) for the compounds niobium
diboride, zirconium diboride, titanium diboride, tantalum nitride, hafnium
nitride, and zirconium nitride.

This technical report has been reviewed and is approved.

LES I, WITTEBORT
Chief, Thermal and Solid State Branch
Materials Physics Division
Air Force Materials laboratory
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I. INTRODUCTION

Investigations proposed to provide physical, chemical and thermo-
dynamic property data for selected refractories of possible application
to uncooled rocket nozzles were undertaken in November, 1959. Through
the provision of the data sought, it was anticipated that design informa-
tion and selection criteria would become available. In addition, re-
sults obtained would add to the understanding of the processes occurring
under the conditions and environments in which nozzle materials must
exist. Since the inception of this program, research studies have con-
tinued in three distinct areas: 1) the process of plastics degradation,
including rates and nature and identity of products, has been studied;

2) vapor pressures, rates of vaporization, identity of vapor species,
and accessible thermodynamic functions obtainable from such measure-
ments have been investigated at very high temperatures by diverse
methods appropriate to the materials selected for study; and 3) normal
spectral emissivity measurements, again at very high temperatures, have
been made on selected refractories to provide radiative heat transfer
information under the conditicns investigated.

Details of the effort and the results obtained during the period
July 1961 through June 1962 are presented and discussed in the body of
this report. Vaporization and emissivity results are discussed in
separate sections. No efiort has been made to summarize the results
obtained earlier and reported in Parts I and I1I of WADD Technical Report
60-646; however, in certain instances, illustrations describing apparatus
have been repeated herein for cliarity.

Manuscript released by authors August, 1962 for publication as a
WADD Technical Report.




| | : .
i : II. VAPOR PRESSURE OF REFRACTORY MATERIALS
\

A, Background

In November 1959, a study of vapor pressures of a number of re-
fractory materials was undertaken with the objective of determining
evaporation (decomposition) rates of these refractories in order to
predict their ability to withstand rocket nozzle conditions. Of per-
haps even greater importance was the objective of obtaining high temp-
erature thermodynamic property data useful in predicting mechanisms
and energetics of high temperature processes entered into by the
materials studied.

By the end of June 1961, Langmuir evaporation studies had been -
completed on TaC, ZxrC, HfC, TiC, and WC. Some data had also been ob-
tained on ThOy by this method, though the Langmuir method was clearly
inappropriate to this material. From chemical and X-ray analyses of
the original specimens, the residual materials, and the condensed sub-
limates, the phenomenological mechanisms of the processes occurring
had been determined. Resonance line absorption photometry applied to
ZrC and TiC had determined that these materials evaporated entirely as
individual atom species and the free energies and heats of formation
of these two materials had been obtained from these measurements. These
values were in excellent agreement with similar thermodynamic property
vaiues computed from the Langmuir evaporation data., At that time
(1961), although the equipment had become operable for matrix isolation
studies of the vapor species from ThO2, severe experimental difficulties
had prevented success in this study.

In the past year, work has continued along similar lines in further
vapor pressure studles. The Knudsen effusion method, rather than Lang-
muir evaporation, was applied to the study of vapor pressures of re-
fractory nitrides, specifically ZrN and HfN. Resonance line absorption
photometry was applied to the study of borides with TiBg, the material
of initial interest. Success was finally attained in the matrix iso-
lation of vapors from ThO3 and structural assignments have been made
for the infrared bands in the absorption spectra of these vapors.

Details of the effort follow,

Preceding Page Blank




B. Refractory Nitride Vaporization
1. Experimental
a, Apparatus

The apparatus diagrammed in Figure 1 measures the rate of
effusion of permanent gases from an inductively heated Knudsen cell,.
The vacuum system is made of Pyrex except for the furnace chamber which
is fused quartz joined to a Vycor standard taper jolnt, The effusion
cell is heated inductively by a three-turn coil 2—1/4 inches inside di-~
ameter, The cooling water jacket slips into a Lucite overflow cup and
is sealed by means of an O-ring. This design ailows the work coil to
fit closely around the cooling jacket, yet permits the furnace chamber
to be removed without disconnecting the coll.

Temperatures are measured with a micro-optical pyrometer
by sighting on the effusion orifice through the window and prism. A
magnetically operated shutter protects the window from fogging due to
condensible vapors from the effusion cell. The pyrometer is periodi-
cally calibrated against a tungsten ribbon filament lamp supplied by
the Pyrometer Instrument Co., Inc. This lamp had been calibrated
against an NBS certified pyrometer. Appropriate corrections were made
for the transmission of the window and prism,

It should be clear from Filgure 1 that the permanent
gases effusing from the cell pass through the liquid nitrogen trap and
the main diffusion pump and, with stopcock ""C" closed and "B" open, are
eliminated from the system by the fore diffusion pump. With stopcocks
"B" and "D" closed and "'C" open, any gases passing through the main
dif fusion pump are forced into the McLeod gauge system by ihe automatic
Toepler pump. The Toepler pump (Delmar Scientific #DS-7030-50) has a
500 cc piston stroke and operates on a 35 second cycle, Inlet and out-
let seals are provided by mercury float valves.

Since the gas collected occupies the McLeod volume plus
the volume of the connecting lines between stopcock '"D" and the outlet
valve on the Toepler pump, the system was calibrated after assembly so
that the true mass of gas collected could be related to the gauge read-
ing. This calibration was accomplished by admitting pure nitrogen into
the gauge plus connecting lines, tirapping a portion in the gauge and
then evacuating the connecting liues. The true mass of gas trapped in
the gauge could be computed since the McLeod volumes are known. This
gas was then shared with the connecting lines and & second McLeod read-
ing taken. A serles of such measuremcnts gave the required calibration
curve.
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The following procedure has been adopted for making the
effugion rate measurementis. The McLeod gauge and Toepler pump are thor-
outhly evacuated and isolated by closing stopcocks ""C" and '"D". The
effusion cell is then brought to the desired temperature and some time
allowed for steady conditions to be reached, this condition being denot-
ed by the constant or slowly decreasing reading on the ionization gauge
and the constant cell temperature. During this time, the effusing gas
1s expelled through stopcock "B". When steady conditions have been
reached, stopcock '"B" is closed and the increasing reading of the thermo-
couple gauge at Station 1 is observed. When this reading reaches a
value higher than that which is obtained when the Toepler pump is con-
nected, a timer is started and the thermocouplc gauge reading is care-
fully noted. Stopcock "'C" is then opened and the effusing gas is pump-
ed into the McLeod volume. During the time the gas is being collectéd,
several readings of the cell temperature are made, After a convenient
length of time, stopcock '"C" is closed and the thermocouple gauge read-
ing at Station 1 again is observed as it increases, When it reaches
exactly the same value as at the ''start” time, the timer is stopped. A
few cycles of the Toepler pump clears it of residual gas and a reading
of the McLeod gauge gives the mass of gas collected in the time interval.

This procedure gives sharp start and stop times and thus
the time interval may be measured very accurately. In addition, the
system is in exactly the same condilions at the beginning and end of
each run with the only disturbance being the opening and closing of
stopcock "C".

Several other features should be noted. First, the sys-
tem is quite sensitive. Apparently reliable effusion measurements have
been made at rates less than three micrograms per hour. At lower rates,
the start and stop times are no longer sharp and so the total effusion
time must be long to maintain the required accuracy in Lhe 1ime measure-
ment, A more sensitive system could probably be had by eliminating the
Toepler pump and connecting the McLeod gauge directly at Station 1 for
measurements atl the lowest effusion rates., At higher rates, however,
this simplified system might not be practical since the fore-pressure
on the main diffusion pump would increase rapidly during the course of
the measurement and affect the pumping speed. The upper 1limit on the
effusion rate is determined chiefly by the necessity to maintain Knudsen
flow conditions in the cell in order that meaningful cell pressures may
be computed. With the present system, effusion rates as high as 4500
micrograms per hour have been measured.

Another advantage of this system is that numerous meas-
urements may be taken at various temperatures with no need to break the
vacuum until the cell contenis are deplcted. Furthermore, the effusion
rate of only permanent gas is measured, This would be an advantage over

a system in which, for example, only the total weight loss of the cell
is obtained.



An obvious disadvantage is that the system must be thor-
oughly outgassed and free of leakage so that the gas collected arises
only from effusion from the Knudsen cell,

The effusion cells, constructed of tungsten, and the
supporting assembly are shown in Figure 2, The cells were made in two
pleces which fit snugly together and, except for the cell with largest
orifice area, were sealed at the joint by electron beam welding. Out-
side diameter and height were 3/4" while corresponding cavity dimensions
were 3/8", The 45° taper on the cell lid forms essentially & knife edge
orifice. The orifice so constructed was assumed to be ideal.

Each empty cell was heated under high vacuum at tempera-
tures in excess of 2200°C for five hours in order to outgas the piece
thorcughly before effusion measurements were made. The cell was then
loaded with ZrN through the orifice and mounted in the wacuum system,
After overnight pumping, accessible tubing in the system was flamed to
remove adsorbed gases, The cell was then heated slowly to about 1000°C
over a period of eight hours to eliminate adsorbed gas in the powder.
This point was taken to be the 1lnitial time for calculation of total
nitrogen lozs (cf. equation 2 and later discussion).

b. Preparation and Chemical Analysis of Zirconium Nitride

Samples of commercial zirconium nitride were obtained
from several different suppliers, All material so obtained was found
to be deficient in nitrogen and to contain excessive amounts of oxygen.
Efforts were then made to prepare the pure materials here,

Reactor grade zirconium hydride (Metal Hydrides, Inc.)
was heated under elither high purity nitrogen or ammonia. A typical
analysis of the hydride is given in Table 1. For temperatures up to
1000°C, the hydride was contained in a zirconium boat in a resigstively
heated tube furnace., For higher temperatures, the material was contain-
ed in an inductively heated molybdenum crucible, Commercial high purity
nitrogen was further purified by bubbling the gas through three solu-
tions and then through a8 liquid nitrogen cooled cold trap. The three
bubblers contained in order, sodium anthraquinone sulfonate and sodium
dithionite in alkaline sclution, saturated lead acetate and sulfuric
acid solution., Spectrochemical analysis after nitridation showed that
no molybdenum pick-up occurred when a molybdenum crucible was used.
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Table 1

TYPICAL ANALYSIS OF REACTOR GRADE ZIRCONIUM HYDRIDE
(METAL HYDRIDES, INC.)

Component wt% Component wt%
Zr 97.8 Mg .01
HE .0U5 Fe .0€
H 1.95 Cr . 0078
0 .12 Ni . 002
N .01 Mn .0025
C <,01 Ti .0015
Cl(Water Soluble)<.003 Al ,002
B <, 00005 Ca . 001
Li . 003

Other metals each 001

Particle size: -325 mesh

Two batches of nitride were prepared containing 13.01
wt% nitrogen compared to the stoichiometric value, 13.31. The first
batch was prepared from the hydride by heating 45 hours at 1000°C and
five hours at 1350°C, The second batch was prepared in five hours at
1500°C, Purified nitrogen at atmospheric pressure was used as the
nitriding agent in both cases,

Several other nitrides were prepared having lower nitro-
gen content. Conclusions to be drawn from these nitriding experiments
are that ammonia 1s not particularly more effective than nitrogen for
obtaining nitride of high nitrogen content and that temperatures near
1500°C are necessary to reach a nitrogen content of 13 wt% N in a
reasonable period of time. These conclusions of coursec apply only to
the -325 mesh zirconium hydride used here. It 1s expected that coarser
material would be more difficult to nitride,

Initially, analyses of ZrN for nitrogen were made by the
Dumas method essentially as described in Ref, 1, This method was found
to be quite tedious and time consuming and to have some tendency toward
low values for nitrogen, presumably due to incomplete oxidation of the
samples, The Kjeldahl method, described in Ref, 2, was found to be
more rapid and to give more reproducible results, All nitrogen analyses
given in this report are those obtained by the latter method.

* Page 65



c. Preparation and Chemical Analysis of Hafnium Nitride

After the difficulties encountered in obtaining commer-
cially pure zirconium nitride, it was decided to prepare hainium nitride
from the hydride., Two samples of commercial hafnium hydride were ob-
tained. The first contained about 4% Zr, about 1% O and Nb and numerous
minor metallic impurities, The second commercial sample contained about
4% Zr, .15% O and a number of trace metallic impurities. Both of these
samples were considered to be too contaminated for further study.

Finally, a sample of hafnium hydride which had been pre-
pared from USAEC reactor grade hafnium crystal bar was obtained, This
material was heated under purified nitrogen for 6-1/2 hours at 1500°C.
Chemical analysis of the resulting nitride is shown in Table 2. 'This
nitride is quite pure except for the 1.05% Zr.

Table 2

ANALYSIS OF HAFNIUM NIT?IDE

Component gﬁﬁ Method

0 ,031 Vacuum fusion

H .0024 Vacuum fusion

N 7.37 KJjeldsahl

Zr 1.05 (Analysis performed
by Ledoux & Co,,
Inc.)

Fe trace Spectrographic

Mg trace Spectrographic

Ti trace Spectrographic

Hf (91.55) Balance

1t should be noted that if one defines "stoichlometric”
in this case as meaning one metal (Hf or Zr) atom for each N atom, then
for the nitride of Hf containing 1.05 wt% Zr, one calculates 7.35 to be
the "stoichiometric” nitrogen weight percent. The material prepared
here is, then, '"stoichiometric" within the accuracy of the nitrogen
anslysis. Pure HfN has a stoichiometric composition of 7.27 wt% N.

i0



d, Determination of Nitride Composition

Zirconium nitride and hafnium nitride are phases of vari-
able composition; that 18, the nitride phase may exist at nitrogen con-
tents considerably less than stoichiometric. Since the equilibrium
pressure of nitrogen over the nitride is much higher than that of the
metal, as vaporization proceeds, the composition of the solid shifts to
lower nitrogen content with a corresponding decrease in nitrogen pres-
sure, It 1s,therefore, important that, in addition to the effusion rate
and temperature, an accurate determination of the composition be made
for each measurement.

It has been found that the nitrogen effusion rate as
measured with the gas collection system 1s a linear function of the
pressure indicated on the ionization gauge (Fig. 1) over a rather wide
range of pressures. A typlcal plot of effusion rate vs. ionization
gauge pressure 1s shown in Fig. 3 for a particulsr series of measure-
ments. Actually, similar plots were made for each series of measure-
ments and for each pressure gauge range over which measurements were
taken. Effusion rates between 1 and 15 p gm per hour gave indicated
ionization gauge pressures on the 1077 torr scale; between 20 and 150 p
gm per hour, on the 107% torr gcale; between 150 and 1400, on the 10~
torr scale and above 1400, on the 1074 torr scale.

Such a relationship affords & convenient method of
determining the composition of the evaporating material once the initial
composition has heen determined, The rate of evaporation of nitrogen
may be expressed as:

daw )
dt -~ 21t 82 Py

where w 1s the total mass of nitrogen in the sample, t the time, pg the

ionization gauge pressure and aj; and 8, 8re constants deternined from

the slope and intercept of plots such as Fig. 3, From integration of

eq. 1 there is obtained t
2

AW = ag At + ag Jll pzdt (2)

where Aw is the loss of nitrogen from the cell contents in a time inter-
val At = ty — 1. The jonization gauge pressure was continuously indi-
cated on a strip chart recorder from which chart the integral in eq, 2
was determined by measuring the area under the curve with a polarplanim-
eter and applying appropriate scale factors, The initial total mass

of nitrogen in the sample w° is determined from the initial total mass
of the sample w°, and the chemical analysis., The nitrogen weight

fraction in the sample at any time can then be determined from

11
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W - TAw
wt. fraction N = P " Fay 3)

where TAw 1s the toial loss of nitrogen from the beginning of the series
of measurements to the time at which the composition is computed,

2. Results and Discussion
a. Zirconium Nitride Effusion Measurements

Reliable effusicn measurements have been obtained in
three separate series of runs each with a different cell with different
orifice areuas. Table 3 gives a summary of the composition data and a
comparison of the diiferent related values. The chemical analysis re-
sults are followed by the standard deviation from the mean of the
several analyses made on each sample. By consideration of the standard
deviations and sources of consistent errors in the procedure, it is
estimated that the analytical data in Table 3 are accurate to + 0.1
wt. % N. For the series VI measurements, the analytical data are in-
consistent and it 18 thought that the initial wt. % N value 18 in error
due to inhomogeneities in the sample,

Other experimental values given in Table 3 are essen-
tially consistent in that the total wt. loss, which includes loss of
nitrogen, zirconium and any impurities which may evaporate, should be
gcreater thaa the nltrogen loss cniculated by either method and the two
calculnted ¥ losses should ggree within the combined accuracy of all
meggurements involved.

We have chosen to facilitate calculation of the composi-
tion for each effusion measurement by assuming an initial weight of
ZrN such that the nitrogen loss calculated by the two different methods
are brought into exact agreement with the assumption that only nitrogen
is lost. Actually, these assumrtions introruce little, i1f any, addi-
tional inaccuracies, The resulting values wnich are vsed for further
data reduction are alsc given in Table 3. For the series VI measure-
ments, the composition was taken to be constant. With these values,
the composition for each effusion measurement wes computed from eq., 3,
where TAw 1s calculated to the center of ihe time interval of the
reading.

13




- - - - 1€°8 1€°8 IA sd3Tasg
L22°21 L22°31 AN AR AN 8L°Z9S L0° 1T T0° €1 111 s8TI9g
9gL° 81 9ZL"eT 9zL° Gl L0°VEY vL'6 10° €1 1 ss1asg

uoT3onpat ®v1Bp JIOF Pasn SAINTBA

- 08g°0 22°'T 22" 1SV 10° T 1¢°8 20° + 0z°8 IA 89T48S

€L°21 L22°21 LT°PI 6G° 98¢ 20" ..ﬂ 20° 1Y z0° H 10°€T IITI saTass
¥8°LT 9zL° g1 98702 86" $8% 1" + PL°6 11° F 10°€T I setxsg
:sonTeA TwjuswiIadxy
sIsfTBUY jaey) (W3wm) ssOT (m3wm) NIz 1BUT I 1813 TUl
T8OTWSYD JopIodoy ‘3a TBIOL "I IBTITUL
wox g wox g

{WSW) §601 N POIBINOLED

N % 3as (8IsATBUY TBOTWAYD

KIZ ¥0d Viva NOILISOdWOD

€ °T9qEL

14



Effusing nitrogen was collected for a period of time
which varied from four minutes to one hour depending on the effusion
rate. The quantity of nitrogen collected was usually in the range from
3 to 100 micrograms. The nitrogen pressure within the cell was calcu-
lated from the usual Knudsen equation which, for nitrogen, reduces to

P, = 4.262 x 1073 m/T (4)

Na

where Py, 18 the nitrogen pressure in atmospheres, m the rate of K effus-
ion (gm “per cm” per sec) and T the absolute temperature °k).

All data were adjusted to a series of temperatures so
that the variation of Py, with nitrogen concentration at constant tem-
perature could be obtained. This conversion was necessary because a
given temperature could only be reproduced within about + 10°K due to
power fluctuations and lack of fine control on the powef—input. This
adjustment was made by estimating the change of log pNZ with reciprocal
temperatures,

The data thus obtained for the three reliable series of
measurements are given in Table 4 where the composition for each meas-
urement 18 expressed as atom fraction nitregen., For the Serie