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High-Temperature Spectral Emissivity of Several 
Refractory Elements and Alloys 

R.N. Wall, D.R. Basch, and D.L. Jacobson 

Thermionic energy conversion has emerged as the method of choice for the direct space-based conversion 
of heat to electricity. An important parameter in the implementation of this method of  direct energy con- 
version is the emissivity of the converter emitter and collector materials. This information is necessary to 
determine heat losses, heat transfer, and reservoir temperatures in the thermionic energy converter. 
Spectral normal emissivities were acquired at a wavelength of 0.65 ~tm for a series of tungsten-rhenium 
alloys, tungsten-osmium alloys, and tungsten-iridium alloys in the temperature range 1400 to 2600 K. Ad- 
ditionally, the spectral normal emissivity for pure elements of molybdenum and ruthenium were obtained 
over the temperature range 1200 to 2600 K and 1400 to 2250 K, respectively. The spectral normal emis- 
sivities for a niobium-67% ruthenium (eutectic composition) in the temperature range 1400 to 2000 K 
were also obtained at the same wavelength. In all cases, the emissivity decreased linearly with increasing 
temperature. Both the tungsten-osmium and the tungsten-rhenium alloys exhibited emissivity values of 
0.32 to 0.54 over the temperatures tested. The tungsten-iridium alloy yielded emissivity data of 0.35 to 
0.47. The niobium-ruthenium emissivity data were within 0.34 and 0.36. The pure molybdenum and pure 
ruthenium experiments resulted in emissivity values ranging from 0.35 to 0.45 and 0.35 to 0.39, respec- 
tively. 

1. Introduction 

THE use of thermionic energy conversion (TEC) to generate the 
gigawatt to megawatt power levels needed to energize various 
electrical components in extraterrestrial environments has 
proven highly desirable. The thermionic energy converter pro- 
vides the capability to convert heat directly to electricity with- 
out the complications introduced by moving system 
components. This method also facilitates the generation of en- 
ergy with high heat rejection temperatures, an important asset 
when minimization of launch weight is critical. 

There are many important material parameters that must be 
investigated during the design and fabrication of  practical ther- 
mionic converters. However, emitter and collector materials 
properties constitute the most important of these variables. 
Such material characteristics include the high-temperature me- 
chanical properties, corrosion resistance in a cesiated environ- 
ment, effective work function, and thermal radiative 
properties. Radiative properties have been shown to be very 
sensitive to methods of preparation, thermal history, and envi- 
ronmental conditions. Ill Also, the importance of surface films 
and composition [21 cannot be ignored. Such effects are most 
significant at high temperatures, [31 where the reaction rates are 
greatest. 

Because emissivity is generally a strong function of the sur- 
face roughness, particular attention was given to surface prepa- 
ration and characterization. Each sample was ground using a 
diamond-impregnated grinding wheel (Rq = 8 to 15 rms sur- 
face roughness). 

Surface roughness analysis was accomplished using a Tay- 
lor-Hobson Talysurf 10 profilometer. The emissivities were 
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calculated by comparing the surface brightness temperature 
and the temperature obtained from an adjacent hohlraum (i.e., 
a cylindrical hole approximating a black body) with a depth-to- 
diameter ratio of at least ten. Both the surface brightness tem- 
perature and the hohlraum temperature were obtained using a 
micro-optical disappearing filament pyrometer. The objective 
in this series of experiments was to obtain the spectral normal 
emissivities for several series of tungsten-base alloys as a func- 
tion of time, temperature, and alloy composition. 

2. Sample Fabrication and Preparation 

It is known that the emissivity of many materials exhibits a 
strong surface texture dependence. [4] Therefore, surface prepa- 
ration was accomplished in a precise manner. Surfaces were 
ground using a DoAll diamond-impregnated grinding wheel 
(Rq = 8 to 15 rms surface roughness). The surface textures were 
characterized TM using a Taylor-Hobson Talysurf 10. The results 
of these measurements are reported in Table 1. 

Each sample was 9.2 mm in diameter and approximately 2.0 
mm thick. Hohlraums (i.e., a cylindrical hole approximating a 
black body) with depth-to-diameter ratios of at least ten [6l were 
machined by electrical discharge machining (EDM). The sur- 
faces  surrounding the hohlraums were used to measure surface 
brightness temperature. 

2.1. Tungsten-Rhenium Alloys 

Four tungsten-rhenium samples were machined from sin- 
tered tungsten-rhenium rods. The rods were obtained from Ari- 
zona State University Thermionic Laboratory stock and were 
of unknown chemical composition. By averaging wavelength 
dispersive X-ray analysis (WDX) and electron microprobe 
(EMP) results and rounding to the nearest whole number, the 
four samples were designated W-3Re, W-10Re, W-24Re, and 
W-27Re. The accuracy was estimated +3 wt.% Re. 
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2.2. Tungsten.Osmium Alloys 

Three tungsten-osmium alloys provided by Dr. Edmund K. 
Storms (Los Alamos Scientific Laboratory) were prepared by 
mixing and pressing the pure powder followed by subsequent 
sintering at high temperature. The sintered material was then 
repeatedly arc melted. A fourth alloy was prepared in like fash- 
ion, but was not subjected to arc melting. 

Sample compositions were determined by weighing the 
powders before mixing and verifying with WDX analysis. The 
samples were designated W-5Os, W-9Os, and W-13Os for the 
arc-melted alloys and sintered W-5Os for the sintered alloy. 
The compositions were deemed accurate to + 1 wt. % Os. 

2.3. Tungsten-lridium Alloys 

Four tungsten-iridium alloys provided by Dr. Storms were 
prepared by mixing small chunks of  high-purity iridium with 
tungsten powder. Sintered pellets were formed and sub- 
sequently subjected to repeated arc melting. Before mixing, the 
metals were weighed, thus allowing accurate calculation of the 
composition. The compositions were rounded to the nearest 
whole number and then designated W-1Ir, W-3Ir, W-5Ir, and 
W-7Ir. A fifth sample, also prepared by arc melting, was fur- 
nished by Ames Laboratories (Iowa State University) and 
had a reported content of 0.3 wt.% Ir. This sample was desig- 
nated W-0.3Ir. Chemical compositions were estimated to be ac- 
curate to less than +1 wt.% Ir. 

2.4. Niobium-Ruthenium Alloy and Pure Metals 

A sintered rod of eutectic composition niobium-ruthenium 
(Nb-67Ru) was purchased from Materials Research Corp. 
(Orangeburg, New York). A high-purity (99.97%) molybde- 
num rod and a polycrystalline sample of ruthenium were pur- 
chased from Alfa Products (Dunrers, Massachusetts). 

3. Experimental Procedure 

The vacuum spectral normal emissivity was calculated from 
the measured black body hohlraum temperature and surface 
brightness temperature measurements. Data were acquired by a 
micro-optical disappearing filament pyrometer through a cali- 
brated sapphire high-vacuum viewport. The micro-optical dis- 
appearing filament pyrometer was calibrated using a National 
Institute of Standards and Technology tungsten strip lamp. The 
viewport was protected from condensing vapors by a stainless 
steel shutter. A vacuum of 10 -9 to 10- 7 torr was maintained us- 
ing a large ion sputter pump. Figure 1 illustrates the high-tem- 
perature sample holder configuration. 

The spectral normal emissivity is defined as the ratio of en- 
ergy at a particular wavelength, ~,, emitted in the normal direc- 
tion from the surface of a material, to the energy emitted at that 
same wavelength from a black body operated at the same tem- 
perature. Mathematically: 

where ~, is the spectral normal emissivity at wavelength ~,, W~, 
is the radiation energy normal to the surface, and WZb is the ra- 
diation energy normal to a black body. Both W~, and W~ must 
be measured at the same temperature. 

In most cases, the spectral normal emissivity of a material is 
a function of both temperature and the wavelength at which it is 
measured. In this work, emissivity was determined as a func- 
tion of time and temperature at a wavelength of 0.65 ~tm. All 
other wavelengths were filtered. By applying Planck's law [7] 
and Wien's approximation, [8] Eq 1 may be written:[9] 

( 1 • 
e~ : exp L~- [~B - Ts )1 [2] 

where C 2 is Planck's second constant (14 388 ~tm.K), T B is the 
black body temperature, and T s is the surface brightness tem- 
perature. T s represents the measured temperature and should 
not be construed to suggest that the actual surface temperature 
is different from the bulk. T B is the true temperature of the bulk 
and presumably of the surface. 

4. Results and Discussion 

4.1. Tungsten-Rhenium Alloys 

The spectral normal emissivities, as a function of  tempera- 
ture, measured at a wavelength of 0.65 ~tm for the tungsten- 
rhenium alloys tested in this work are summarized in Fig. 2. 
Figure 3 presents experimental data reported in the literature 
for pure samples of tungsten, [I~ rhenium, [12,13] and os- 

SAMPLE 

JM 

E~ = W~.b [1] 
Fig. 1 High-temperature (up to 2900 K) sample holder used in 
the vacuum emission vehicle. [20] 
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mium It4] for comparative purposes. Linear equations repre- 
senting emissivity as a function of temperature for these alloys 
are shown in Table 2. The alloys exhibited the lowest emissivity 
values at the highest percent alloy addition. Furthermore, for 
each system, a maximum emissivity was obtained for composi- 
tions approximately in the middle of the respective solid solu- 
tion regions. There was no apparent correlation between the 
surface texture, summarized in Table 1, and the observed emis- 
sivities for these alloys. No significant time dependence with 
respect to emissivity was observed. 

It is apparent that temperature measurements by optical py- 
rometry of a hot surface must be corrected using an appropriate 
emissivity value. Many tungsten alloy studies, for example, 
used a value of 0.42 to correct surface temperature without re- 
gard for the alloy composition or temperature (e.g., Ref 15). 
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Fig. 2 Comparison of spectral normal emissivity at 0.65 pm of 
tungsten-rhenium alloys. 

Significant error is introduced by following such a procedure. 
Moraga [16] reported spectral normal emissivities at 0.535 [am, 
also measured in vacuum, for several tungsten-rhenium alloys. 
The data of Moraga's, for the most part, closely paralleled those 
of the current study. 

The data used in plotting Fig. 2, 4, and 5 are represented by 
linear lines to remove confusion from the plot and still show all 
samples for a series of alloys on one plot. The relative uncer- 
tainty associated with the spectral normal emissivity calcula- 
tions has been determined to be 2.5%. A detailed discussion of 
the uncertainty is given by Moraga.[t6] 

4.2. Tungsten-Osmium Alloys 

The spectral normal emissivity data for each tungsten-os- 
mium composition were obtained and summarized in Fig. 4. 
Similar to the tungsten-rhenium case, the tungsten-osmium al- 
loys exhibited the lowest emissivity values at the highest per- 
cent alloy addition. Furthermore, for each sample, a maximum 
emissivity was obtained for compositions in the middle of the 
solid solution region. Table 2 lists the linear equations for the 
emissivity as a function of temperature for each tungsten-os- 

Table  1 Surface T e x t u r e  M e a s u r e m e n t s  

Surface roughness Surface roughness 
Sample (Ra), lain. Sample (Ra), lain. 

W-03Ir . . . . . . . . . . .  W-3Re 46 
W-1Ir .......... 19 W-10Re 23 
W-3Ir .......... 14 W-24Re 39 
W-51r .......... 10 W-27Re 32 
W-7Ir .......... 10 
W-5Os ........ 19 Nb-67Ru 10 
W-9Os ........ 8 Mo 12 
W-13Os ...... 12 Ru ... 

Note: Use of... indicates that sample was unavailable for characterization. 
Accuracy +3% of reading. 
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Fig. 3 Experimental data for pure tungsten, rhenium, and os- 
mium at 0.65 p.m. 

Fig. 4 Comparison of spectral normal emissivity at 0.65 Jam of 
tungsten-osmium alloys. 
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Fig. 5 Comparison of spectral normal emissivity at 0.65 ~tm of 
tungsten-iridium alloys. 
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Fig. 6 Experimental data for pure iridium at 0.65 I.tm. 

Table 2 Spectral Normal Emissivity of Tungsten-Base 
Alloys at 0.65 ltm 

Sample Emissivity equation 
W - 3 R e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

W-10Re ............................................... 
W-24Re ............................................... 
W-27Re ............................................... 
W-5Os ................................................. 
W-9Os ................................................. 

W-13Os ............................................... %.65 = 0.499 - 6.699 x 
W-0.3Ir ................................................ %.65 = 0.430 - 7.295 • 
W-llr ................................................... Eo.65 = 0.558 - 6.114 x 
W-3Ir ................................................... ~o.65 = 0.564 - 8.121 • 
W-5Ir ................................................... c0.65 = 0.538 - 6.899 • 
W-7Ir ................................................... 
R u  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

S o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

s = 0.635 - 8.954 • 10-5 T 
eo.65 = 0.534 - 5.525 • 10-5 T 
eo.65=0.727- 1.373 x I 0 - 4 T  
eo.65 = 0.525 - 7.994 • 10-5 T 
eo.65 = 0.561 - 7.624 • 10-5 T 
%.65 = 0.632 - 9.240 • 10-s T 

10 -5 T 
10 -6 T 
10 -3 T 
10 -5 T 
10 -5 T 

Eo.65 = 0.555 - 7.728 x 10-3 T 
Co.65 = 0.330 - 3.27 • 10 -3 T 
Co.6~ = 0.560 - 9.05 • l0 5 T 

mium sample.  Again ,  no s igni f icant  cor re la t ion  be tween  sur- 
face texture and  emiss iv i ty  could  be made.  No s ignif icant  t ime 
dependence  wi th  respect  to emiss iv i ty  was observed.  

In earlier work,  [17] it was shown  that  the surface compos i -  
tion for these W-Os  alloys var ied f rom the bulk  compos i t ion  (at 
these h igh  temperatures) .  Also,  the work func t ion  depended  on  
the surface composi t ion ,  not  the  bulk. Because  the emiss iv i ty  
data did not  fol low the same t rends  as the work func t ion  data,  
and using knowledge  of  surface compos i t ions ,  it was con-  
cluded that  the  bu lk  o s m i u m  concen t ra t ion  governs  emiss iv i ty  
in this series of  alloys.  

4.3. Tungsten-lridium Alloys 

Tungsten- i r id ium emiss ivi t ies  were  measured  and  are com- 
pared in Fig. 5. The  obse rved  t rends  in the emiss ivi ty  data were 
similar to the other  tungs ten  al loys inves t iga ted  in this  work. 

The  h ighes t  i r id ium concent ra t ions  p roduced  the lowest  emis-  
sivities.  The  measu red  emiss iv i ty  data for  W-0.3Ir  were near ly  
identical  to reported resul ts  for  pure  tungsten.  W-1Ir  y ie lded 
the h ighes t  emiss ivi ty  of  the tungs ten- i r id ium compos i t ions  
tested. Table 2 lists the  straight  l ine equa t ions  for  the emiss iv i ty  
versus  t empera ture  data, and Fig. 6 presents  exper imenta l  data 
repor ted in the l i terature [18,19] for pure  ir idium. Aga in ,  no  sig- 
n i f icant  t ime dependence  wi th  respect  to emiss iv i ty  was ob- 
served.  

The  similar i ty in the emiss iv i t ies  obse rved  for  W-3Ir,  W-5Ir,  
and W-7Ir  migh t  be a t t r ibutable  to s imilar  surface i r id ium con-  
cent ra t ions  (in contras t  to W-Os).  Similar  t rends  were repor ted  
in work  func t ion  for these al loys and were  shown  to be re la ted 
to the surface composi t ion .  [2~ Also,  the t rends  exhib i ted  in 
emiss iv i ty  and  work func t ion  for the W-0.3Ir  and  W - l l r  sam- 
ples  may  be related to the deple t ion  of  i r id ium on the sample  
surface with increas ing tempera ture  (the W-0.3Ir  work func-  
t ion was vir tual ly identical  to that  o f  tungsten) .  

4.4. Niobium-Ruthenium Alloy 

The emiss iv i ty  values,  as a funct ion  of  temperature ,  for eu- 
tectic n iob ium- ru then ium alloy (Nb-67Ru)  are shown  in Fig, 7, 
and the l inear  equa t ion  for  these  data  are shown  in Table 2. Fig- 
ure 7 also presents  exper imenta l  emiss iv i ty  values  repor ted  in 
the l i terature for pure  n iob ium [211 and pure  ru then ium [22l for 

compara t ive  purposes ,  respectively.  As wi th  the p rev ious  al- 
loys,  no  s ignif icant  t ime dependence  with respect  to emiss iv i ty  
was observed.  

4 .5 .  Pure Metals 

' The  emiss iv i ty  data  obta ined  for  pure  ru then ium is shown  in 
Fig. 7, and the  l inear  regress ion  equat ion  represen t ing  the  data 
shown  in Fig. 7 is l isted in Table 2. The  emiss iv i ty  values,  in 
this  case,  were largely constant ,  wi th  only  a s l ight  decrease  as a 
func t ion  of  increas ing temperature .  No s igni f icant  t ime de- 
pendence  wi th  respect  to emiss iv i ty  was observed .  
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Fig. 7 Spectral normal emissivity of Nb-67Ru and pure nio- 
bium and pure ruthenium at 0.65 lam. Fig. 8 Spectral normal emissivity of pure molybdenum at 0.65 

J.tm compared to experimental data. 

The spectral normal emissivity data as a function of tem- 
perature for pure molybdenum are shown in Fig. 8 along with 
the results obtained by Baldwin [23] and Abbott. [24] The data ob- 
tained in the present work paralleled the data of  Baldwin. Both 
sets of data demonstrate a slight decrease in emissivity with in- 
creasing temperature, whereas the data of Abbott were approxi- 
mately constant. 

5. Conclusions 

The emissivity of an alloy is a strong function of alloy com- 
position. The emissivity values for tungsten-base alloys exhibit 
a strong temperature dependence. Tungsten alloys with solid 
solution compositions in the midrange for the respective alloys 
exhibit greater emissivity values. Tungsten alloys in the two- 
phase region yield lower emissivity values. Surface composi- 
tion of refractory alloys may have been significant with 
tungsten-iridium alloys, but was not important in the tungsten- 
osmium or tungsten-rhenium alloys. This may be attributable 
to the lower melting temperature of iridium. No conclusive evi- 
dence of  surface texture dependence was observed. None of  the 
materials tested exhibited a significant time dependence with 
respect to emissivity. Both the tungsten-osmium and tungsten- 
rhenium alloys exhibited emissivity values in the 0.32 to 0.54 
range over the temperatures tested (1400 to 2600 K). The tung- 
sten-iridium alloy yielded emissivity data in the 0.35 to 0.47 
range (1400 to 2600 K). The niobium-ruthenium alloy emissiv- 
ity data fell within 0.34 and 0.36 (1400 to 1950 K). The pure 
molybdenum and pure ruthenium experiments resulted in 
emissivity values from 0.35 to 0.45 and 0.35 to 0.39, respec- 
tively (1300 to 2300 K and 1400 to 2500 K). The data obtained 
in this work paralleled the data reported in the literature data 
where available. 
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