
JMEPEG (1993) 2:81-88 �9 International 

The High-Temperature Work Function of Sintered 
Dilute Solution Tungsten-lridiurn Alloys 

L.A. D'Cruz, D.R. Bosch, and D.L. Jacobson 

The effect of t ransi t ion element addit ives molybdenum, rhenium,  iridium, and o smium on the effective 
work function of tungsten has been the focus  of thermionics research for several years ,  ll 'sl In this study, 
i r id ium-added  tungsten powder mixtures  were cold compacted and sintered to produce a range of tung- 
s ten-ir idium electrodes. An electron emiss ion study was subsequently carried out to evaluate the work 
function behavior  of the consolidated al loys.  The work function was obtained from measurements  of the 
current  emitted from the electrode surface under  ul t rahigh vacuum conditions in the  tempera ture  range 
o f  1800 to 2500 K using a vacuum emission vehicle (VEV). The da ta  show that  the magni tude  of the work 
function in these alloys varied with t empera tu re .  Micros t ructura l  evaluation of the alloys indicated tha t  
the  tested surfaces displayed accentuated thermal etching of the grain boundaries together with the fact 
tha t  the final gra in  sizes in the sintered a l loys  were three to five t imes smaller than  those  found in equiva- 
lent  arc-melted alloys that  were studied in  earlier work. [4,s] Scanning electron microscopy (SEM) mi- 
c rographs  of the tested surfaces of the sintered alloys containing the highest i r id ium levels (-2 wt %) show 
a high level of s t ruc tura l  distortion,  pa r t i cu la r ly  in the vicinity of grain boundar ies  a n d  corners. The ex- 
tent  of these distortions was found to vary with the ir idium content, i.e., the W - I R 3 M  and W-|R2M. The 
samples with compositions lower than  0.5 w t %  Ir  were vir tual ly devoid of distortions. I t  is proposed that ,  
dur ing homogenizat ion carried out prior to  testing, a net accumulat ion of i r id ium occurs nea r  the sur-  
face, par t icular ly  in the vicinity of structural  heterogeneities. Subsequent cooling leads  to the precipita-  
t ion of i r id ium-r ich  second phase sources,  which when reheated to the test ing t empera tu res  supplies 
i r id ium to a surface monolayer. This mechanism is capable of explaining the obse rved  work function 
trends during high- temperature  testing. 
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1. Introduction 

THE development  of  thermionic electrode materials has  em- 
phasized the need for substantial improvements in microstruc- 
tural stabil i ty,  strength, and creep resistance at service 
temperatures  in excess of 2500 K. This is because future space 
power operations are characterized by intense energy outputs, 
which translate  into very high operating temperatures for  the 
emitter electrodes in the converter. The addition o f  small 
amounts o f  a transition element has resulted in noticeable 
trends in w o r k  function enhancements (i.e., a higher magnitude 
of the effect ive work function of the surface) of  tungsten.  For 
example,  W - ( l % ) I r  has been found to result in an effective 
work funct ion  value at 2000 K that is around 7% higher  than 
that exh ib i t ed  by (110) tungsten. [1] This is considered to  be a 
positive ef fec t  from the standpoint of  cesiated conver ter  elec- 
trode performance. The work function of arc-melted tungsten- 
iridium a l l oys  was studied in earlier work, [4] wherein it was 
concluded that  a significant depletion of iridium resul ted from 
extended exposure to elevated temperatures. A subsequent 
study [5,6] found that extended exposure to elevated tempera- 
tures resul ted in a significant reduction in the work function of 
the alloys together with a pronounced temperature dependence 
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of the work function. The exac t  interrelationship between the 
work function, composition, and  geometry of any heated sur- 
face is still not fully understood.  However, changes in the cov- 
erage of an adsorbed surface f i lm  have been able to explain the 
work function variations due to  temperature. [7] The film, usu- 
ally on the order of a few monolayers  thick, becomes polarized 
due to a low of charge be tween the surface atoms and the sub- 
strate surface. In this work, microprobe analyses were carried 
out on the surfaces of  the s intered samples both prior to and fol- 
lowing each work function test .  The analyses yie lded the sub- 
surface iridium composi t ions of  the electrodes and indicated 
that exposure to elevated temperatures consistently results in 
lower iridium composit ions in  the subsurface regions of the 
electrodes. In this article, an attempt has been made to investi- 
gate the interrelationship between the iridium composit ion and 
the work function trends in sintered dilute solution tungsten- 
iridium alloys. 

2. Experimental Procedure 

2.1. Sample Fabrication 

In this study, a series of  tungsten-iridium alloys was fabri- 
cated by cold pressing and sintering. Tungsten powder of  
99.9% purity and an average particle size of 0.5 ~m was used 
for sample fabrication. Two methods were used for incorporat- 
ing al loying elements. The f i rs t  method consisted of mixing 
weighed quantities of  e lementa l  iridium powder (60 p~m) with 
pure tungsten powder (0.5 ~tm). These powder batches were 
not subjected to any prereduct ion procedure. The batches were 
rotated in a mixing drum under  air, and the typical  duration of  
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Table 1 Ir id ium composit ions  d e t e r m i n e d  by electron microprobe  analyses  o f  e lectrodes  after s intering and homogenizat ion  a t  2500 K 
f o r 8 t o  10h  

Annealed surface 
Sample . Composition, wt % _ _ _ _  Grain size, pm 

W-IR0.5C .............................................. 0.09 84 
W-lR1M ................................................ 0.00 ... 
W-1R2M ................................................ 0.37 73 
W4R3M ................................................ 0.19 76 
W-IR5M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.73 77 

Iridium, wt% 
Ground surface 

25 to 50 pm 50 to 100 l~m 

0.02 0.16 
0.03 0.35 
0.53 0.73 
0.65 0.53 
2.19 2.65 

Table 2 Compar i son  of  ir idium compos i t ions  before and  after 
vacuum emiss ion  vehicle tests on s intered and homogenized  
electrodes 

Iridium composition (a), wt% Average grain size, 
Sample Initial Final lain 

W-IR0.5C ....... 0.16 0.01 55 
W-1R1M ......... 0.35 0.06 50 
W-IR2M ......... 0.73 0.33 56 
W-IR3M ......... 0.53 0.30 63 
W-IR5M ......... 2.65 1.64 54 

(a) Average, measured using electron microprobe on randomly chosen 
points. 

mixing was 20 to 30 min. Mixed batches with iridium additions 
of  1,2, 3, and 5 wt% were subsequently cold compacted, sin- 
tered, and fabricated into electrodes. These alloys are referred 
to as the mechanically alloyed samples.  

The second processing method consisted o f  mixing a water- 
soluble iridium salt solution (IrC13.3H20) with the pure tung- 
sten powders to form a slurry that was then dried and treated in 
a flowing argon/5 vol% H 2 gaseous mixture at 1000 K for 24 h 
to yield an additive-coated tungsten powder. Two batches, con- 
taining 0.5 and 1 wt% Ir additions, were prepared by this 
method. These powders were then cold  compacted, sintered, 
and machined into electrodes. The resulting emitter samples 
are referred to as the chemically al loyed samples. Cold press- 
ing of the weighed batches of powder was carried out in a hard- 
ened tool steel mold at room temperature. The mold walls were 
precision ground to avoid the use of  lubricant during pressing. 
Compaction of  all batches was carried out at a specific load of 
45 kN, which corresponded to a compaction pressure of 345 
MPa. Batches of  4 g in weight resulted in cylindrical samples 
with diameter of  1.27 cm and 0.32 c m  thick (i.e., 1/2 • l/8 in). 
These samples possessed green densities in the range of  40 to 
45 % of theoretical. 

An electron bombardment heated bell-jar furnace was used 
to sinter the samples in vacuum. A vacuum of  around 5 • 10 6 
torr was consistently maintained during operation of the fur- 
nace. Temperature was measured by a W-3Re/W-25Re thermo- 
couple. The compacts were initially subjected to isothermal 1 h 
heat treatments at 1492 and 1700 K. This  procedure was found 
to reduce sagging in the compact during high-temperature sin- 
tering. The final step of sintering was  carried out at approxi- 
mately 2200 K for a total of 4 h. The resultant compacts were 
found to have bulk densities near 95% of  theoretical. The fabri- 
cated alloys were designated W-IR1M, W-IR2M, W-IR3M, W- 
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Fig. 1 Schematic of the vacuum emission vehicle. [4] 

IR5M, W-IR0.5C, and W-IR 1C. The final letter of the designa- 
tion code indicates the alloying procedure used, namely M for 
mechanical  alloying and C for chemical alloying. The number 
used in the code corresponds to the intended amount o f  iridium 
added during powder processing. There were, however ,  i r i d -  

ium losses associated with mixing and handling as well as 
losses due to the evolution of gaseous iridium oxides. The  for- 
mation and evolution of gaseous oxides is likely to be restricted 
to the lower  temperatures in the sintering procedure because 
the iridium oxides (IrO 2 and IrO) are unstable at temperatures 
above 1200 K. As a result of these losses, the final composition 
of  the consolidated electrode is different from the intended 
amount added during processing. The actual compositions 
were obtained by electron probe microanalyses of the polished 
surfaces o f  the consolidated compacts that were homogenized 
for 8 to 10 h at 2500 K under ultrahigh vacuum. These compo- 
sitions are presented in the last column of Table 1. Because 
these composition values were obtained after grinding off 
about 100 gm of the surface, they have been taken to be 
the initial iridium content of the electrode, and are presented in 
Table 2. 
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Table 3 Ef fec t ive  work  functions from pilot tests on as - fabr icated  tungsten- ir idium alloys 

Temperature, Work functions, eV 
K W-IR0.5C W-IR1M W-IR2M W-IR3M W-IR5M W-IRIC 

1800 ............................................. 4.83 4.87 4.83 4.71 5.04 
1900 ............................................. 4.85 4.92 4.91 4.83 5.04 5.04 
2000 ............................................. 4.84 4.91 4.92 4.85 5.00 5.01 
2100 ............................................. 4.80 4.88 4.89 4.85 4.99 4.93 
2200 ............................................. 4.75 4.82 4.90 4.88 4.98 4.90 
2300 ............................................. 4.69 4.78 4.84 4.84 4.95 4.86 
2400 ............................................. 4.66 4.74 4.81 4.83 4.95 4.82 
2500 ............................................. 4.63 4.69 4.75 4.76 4.88 4.80 

Table 4 Ef fec t ive  work  functions o f  sintered and  h o m o g e n i z e d  tungsten- ir id ium alloys 

Temperature, 
K W-IR0.5C W-IR3M W-IR5M 

1800 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.90 4.70 (4.83)(a) 4.67 (4.91) (a) 
................................................................................. (4.69)(b) 
1900 ......................................................................... 4.90 4.88 (4.93) (a) 4.94 4.83 4.84 
2000 ......................................................................... 4.86 4.93 4.93 (4.95) (a) 4.90 4.94 (5.05) (a) 
2100 ......................................................................... 4.82 4.89 4.91 4.90 4.97 
2200 ......................................................................... 4.76 4.83 4.86 (4.88) (a) 4.81 4.95 (4.97) (a) 
2300 ......................................................................... 4.75 4.78 4.84 4.78 4.96 
2400 ......................................................................... 4.70 4.72 4.81 4.73 4.93 
2500 ......................................................................... 4.65 4.70 4.75 4.67 4.88 

Work functions, eV 
W-IR1M W-IR2M 

4.73 (4.79) (a) 4.83 (4.81) (a) 

(a) Obtained on second run sequence immediately after completion of primary 1800 to 25(/0 K sequence. (b) Obtained after cooling and reheating to 
temperature. 

2.2 .  Work Func t ion  Evaluat ion 

Work funct ions  were de termined  at high temperatures  
(1800 to 2 5 0 0  K) with a guard-r inged vacuum emiss ion  vehic le  
(VEV) us ing  the thermionic method.  The basic des ign  o f  the 
vacuum emiss ion  vehicle  is i l lustrated in Fig. 1. A de ta i l ed  de- 
scription o f  t h e  setup has been presented elsewhere.  [8,9] Each 
sample was ground and pol ished with fine a lumina  (0 .05 IX) 
powder.  T h e  polished sample was mounted in the vacuum 
emiss ion veh i c l e  as the emitter, fo l lowing which  the chamber  
was e v a c u a t e d  and baked to attain a vacuum of  3 x 10-10torr.  
The sample  was  then heated to 2500 K and annealed ins i tu  for 
8 to l 0 h, a f t e r  which the sample was cooled to room tempera-  
ture wi thout  loss in vacuum. The current measuremen t  device  
(Kiethley 6 1 0 C  Electrometer)  was connected through the  ex- 
ternal u l t rah igh  vacuum feedthroughs of the chamber ,  and  an 
electr ic  f ie ld  was applied be tween  the emitter and the col lec tor  
(Fig. 1). The  sample was then heated by electron bombardmen t  
to the first exper imenta l  temperature,  i.e., 1800 K. The  emis- 
sion current  from the  sample surface was measured  us ing  a 
Kiethley 6 1 0 C  Electrometer, and the temperature o f  the sample 
was m e a s u r e d  using a disappearing-f i lament  p y r o m e t e r  fo- 
cused on a hoh l raum machined into the side face of  the sample 
disc. 

The e f f ec t i ve  work function was then calculated by an on- 
line c o m p u t e r  using a combinat ion of  the Richardson-Dush-  
man equa t i on  and the Shottky equation.[8,9] The  uncer ta in ty  in 
the e f fec t ive  work function obtained by this system has  been 
de termined  t o  he 0.04 eV. [3] Data col lect ion at each tempera-  
ture was ca r r i ed  out for 15 to 20 rain to provide  an average  
value  for the effect ive work funct ion at that t empera tu re .  The 
sample was then  heated to the next temperature (in increments  

of  100 K) where the same da ta  collection procedure  was re- 
peated. The  maximum exper imenta l  temperature studied dur- 
ing this work  was 2500 K. 

3. Results and Discussion 

3.1. P i l o t  Tests on C o n s o l i d a t e d  A l l o y s  

A prel iminary test (pilot  tes t )  was run on each of  the as-fab- 
ricated electrodes. The  pu rpose  was twofold,  the first being to 
carry out the self-cleaning a n d  homogenizat ion o f  the elec- 
trode, and the second was to obtain a prel iminary estimate o f  
the work  function trends. A h e a t  treatment procedure  consist- 
ing o f  annealing at 2500 K for  8 to 10 h fo l lowed by cool ing to 
room temperature was typ ica l ly  used immedia te ly  prior  to test- 
ing of  each vacuum emiss ion  vehicle electrode. Data corre- 
sponding to the pilot  tests are presented in Table 3. Fo l lowing  
the pilot  tests, the average  i r id ium composi t ion was obtained 
by per forming electron probe microanalys is  on the emit ter  sur- 
face of  the electrodes. S c a n n i n g  electron microscopy (SEM) 
was also used to invest igate  t he  topography of  the surface. The 
tested surface of the e lec t rode  w a s  then ground of f  and polished 
to r e m o v e  approximately  25 ~tm of material,  fo l lowing  which 
electron probe microanalys is  w a s  again carried out  on the sur- 
face. This measurement  cor responded  to the bulk composi t ion 
at a depth of  approximately  25  gm be low the or iginal  tested 
surface. The sequence of  gr inding,  polishing,  and microana-  
lysis was repeated once  again to  measure the composi t ion  at an 
even greater  depth ( 100 [tm) f r o m  the original  surface. The irid- 
ium concentration so ob ta ined  was taken to be the initial irid- 
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ium content of  the alloys, i.e., prior  to the work function evalu- 
ation of the alloys. 

3.2. Effective Work Function versus Temperature 

The homogenized and resurfaced samples were tested using 
the work function evaluation procedure  described earlier to ob- 
tain the effective work function as a function of temperature. 
The work function values corresponding to each alloy in the 
temperature range of interest are presented in Table 4. Figure 2 
shows the variation in work function with the temperature for 
each of the alloys. Some of the a l loys  were subjected to a sec- 
ond measurement cycle that was commenced at 1800 K imme- 
diately after data collection for the highest temperature (i.e., at 
2500 K) was completed. This was accomplished by immedi- 
ately lowering the temperature to 1800 K and repeating the 
data collection sequence. These work  functions are presented 
in parentheses alongside the values obtained in the first cycle 
(Table 4). 
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Fig. 2 Effective work function of tungsten-iridium alloys as 
functions of temperature and iridium content. 

2 6 0 0  

The following general trends emerge from the da ta  obtained 
for the sintered alloys. For each alloy, the plots o f  the work 
function versus temperature exhibited a work function maxi- 
mum, at a temperature between 1900 and 2100 K. F o r  higher 
ir idium contents, the maximum seemed to occur at a higher 
temperature  (Table 4). The effective work function decreased 
s ignif icant ly with temperature after a maximum value had 
been attained. The gradient of  the decrease appeared  to be 
smaller  for  samples with higher iridium contents ( see  Fig. 2). 
The work  function exhibited a hysteresis effect at lower  tem- 
peratures. At any particularly experimental temperature, a 
higher va lue  of the effective work function was obtained when 
the sample  was cooled to that temperature from a higher  tem- 
perature (values in parentheses in Table 4) than the value ob- 
tained during sequential heating from lower temperatures.  This 
effect tended to be more pronounced for higher i r id ium con- 
tents. 

With the  electrode surfaces essentially unaltered after the 
first set o f  experimental tests and characterization, selected 
samples (W-IR3M and W-IR5M) were reintroduced into the 
chamber  and retested following the identical procedure  used 
earlier. The  motivation of the repeated tests was to investigate 
the reproducibil i ty of the data obtained in the first test. The data 
obtained during the second test are compared with that from the 
first test in  Fig. 3(a) and (b). It can be seen that the work  func- 
tions obtained in the second test were significantly h igher  than 
those corresponding to the first test over most of the tempera- 
ture range.  It is interesting to note that the arc mel ted  alloys 
studied in an earlier work [4,5] exhibited the exact opposite 
trend, i.e., the second test yielded work functions that were sig- 
nificantly lower in magnitude than those of  the first test .  These 
observat ions  provide an insight into the interrelationship be- 
tween extended heating and temperature cycling, the  work 
function values, and the compositional changes near  the sur- 
face of  the dilute solution tungsten-iridium electrode. 

Burton and Machlin [10] reported that a solute that forms a 
eutectic wi th  the solvent would segregate to the surface of the 
solid so lvent  in a high vacuum. They suggested that the  same 
sources that  tend to expel the solute from the solid phase  to the 
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Fig. 3 Variation of effective work function with temperature during second vacuum emission vehicle test. (a) W-IR3M. (b) W-1R5M. 
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Fig. 4 Tungsten-iridium equilibrium phase diagram. 112] 

liquid phase during solidification would set up the migration of 
the solute atoms fi'om the solid phase to its free surface. The 
equilibrium phase diagram of the tungsten-iridium system 
(Fig. 4) does in fact exhibit two eutectic transformations. This 
implies that the migration of iridium to grain boundaries  and 
the surface could occur in the alloys studied in this work. 
Luo [11] has reported that, in dilute solution tungsten-iridium 
alloys, the transition from transgranular fracture to intergranu- 
lar fracture occurred at a lower temperature in a W-0.8 wt% Ir 
alloy compared to a W-0.4 wt% Ir alloy. This fact has been  at- 
tributed to the segregation tendency of iridium in tungsten. 

The topographical evolution of the electrode surfaces as 
well as the observed compositional changes of the subsurface 
layers could explain the lack of reproducibility in the effective 
work funct ion values yielded by successive tests. The decom- 
position of iridium-saturated surface layers into iridium-rich 
metastable phase(s) during cooling from high temperature to 
room temperature at the end of the test appears to be consistent 

with the phase diagram (Fig. 4). Such an accumulation of irid- 
ium at the surface could account  for the sharp rise in work func- 
tion obtained during the second test carried out on the sintered 
samples with higher bulk ir idium levels. The hysteresis effect 
described earlier (see values in  parentheses in Table 4), where 
the work function increased during the first test when the tem- 
perature was lowered from 2500 to 1900 K, is also consistent 
with this possibility. In the event that a net accumulation of 
iridium does occur at the surface, it would be governed by a 
balance between two dynamic processes operating at the sur- 
face, namely, the iridium flux diffusing to the topmost layers of 
the surface from the interior a nd  the flux leaving the surface by 
sublimation. 

The arc-melted alloys display work function trends [4,5] that 
were exactly the opposite of those found in the sintered alloys. 
Retesting the samples in the current study resulted in a lower 
work function over the entire temperature range. A possible ex- 
planation for this trend is that the extent of surface enrichment 
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Fig. 5 SEM micrographs of electrode surfaces after pilot tests. (a) W-IR0.5M. (b) W-IR2M. 

Fig. 6 Backscattered electron micrographs of the surface of the W-IR 1M sample produced by post-homogenization vacuum emission vehi- 
cle tests. 

in the arc-melted alloys was s ignif icant ly lower. This may be 
because the arc-melted alloys possessed  insufficient fast diffu- 
sion paths to the surface due to the large grain sizes. Also, the 
smoother surface topography of  these alloys could result in a 
high rate of sublimation of surface atoms.  

3.3. Microstructural Evaluation 

Following the completion of  each work function evalu- 
ation, the sample was cooled to r o o m  temperature and ex- 
tracted from the vacuum emission vehicle chamber for 
microstructural and compositional analysis. Scanning electron 
microscopy performed immediately after the homogeniza- 
tion/pilot test revealed that the sample surfaces were dense, but 

significantly distorted probably due to the shrinkage o f  resid- 
ual pores (Fig .  5). As described earlier, these surfaces were  then 
subjected to repeated sequences of grinding, pol ishing,  and 
electron p robe  microanalysis. The results of the composit ional  
analysis carr ied  out after the completion of homogenizat ion as 
well as composi t ions obtained after each grinding sequence are 
presented in Table 1. The compositions, measured af ter  the 
regular work  function testing, are presented in Table 2. Compo- 
sitional backscattered electron (BSE) images of the tes ted  sur- 
faces are shown in Fig. 6 and 7, verifying therefore tha t  this 
procedure resulted in a uniform, well-defined microstructure 
with uniform grain sizes. The alloys with higher i r id ium con- 
tents, however ,  exhibited less sharpness in the vicinity of  the 
thermally etched grain boundaries. These distortions show up 
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Fig. 7 Backscattered electron micrographs of the surface of the W-IR5M sample produced by post-homogenization vacuum emission vehi- 
cle tests. 

Fig. 8 SEM micrograph showing the topography of the W- 
IR3M sample surface after extended testing. 

Fig. 9 SEM micrograph showing the topography of the W- 
1R5M sample surface after extended testing. 

clearly in the secondary electron images shown in Fig. 8 and 9. 
The topography of the distortion seems to indicate that  the 
processes that  formed them were associated with dislocation 
defects extending fi'om the grain boundaries. 

The fact tha t  the topography is more intense in the high-irid- 
ium sample indicates a strong interaction between the defects 
and ir idium atoms. Because the iridium atomic radius is  ap- 
proximately 7,5% smaller than that of  the tungsten a tom,  it is 
reasonable to expect that iridium would stabilize dislocations 
in the v ic in i ty  of the grain boundary by relieving the defect 
strain. When the iridium concentration is low, the dislocations 
are less influenced by  the iridium content and are eventually 
annealed out o f  the microstructure. It is reasonable to expect 
that the stabilized dislocations, while participating in creep 
processes at elevated temperatures (1900 to 2500 K), wou ld  al- 
ter the i r id ium arrival rate at the surface. Iridium migration 
characterist ics  are influenced by the fact that the dislocations, 
in moving toward the surface and grain surfaces, would supply 
iridium atoms to these locations. This would be manifes ted  as a 

decrease in the activation energy  of diffusion of  iridium to the 
surface. In this manner, the creat ion of an iridium monolayer on 
the electrode surface could be governed to a greater degree by 
the energetics of fast diffusion via defects rather than volume 
diffusion. 

One important point needs to be made here, which further 
complicates the picture just  described. Even though tungsten is 
self-cleaning, oxygen at the surfaces of  the initial tungsten 
powders is not removed complete ly  during vacuum sintering. 
The entrapped oxygen competes  for grain boundary and defect 
sites and hence affects the iridium transport through these 
paths, it is also possible that strong chemical interactions be- 
tween iridium, tungsten, and oxygen atoms would take place 
near the grain boundaries, wh ich  in turn would affect the trans- 
port of both iridium and oxygen  to the surface. Also notewor- 
thy is the fact that Ir90 ~ is a thermodynamically stable liquid 
up to 2250 K.113] In ttae'event that  the iridium oxide forms and 
is transported to the surface, it would modify the work function 
of the surface. One possible reaction that is l ikely to occur at 
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surfaces exposed to vacuum is decomposit ion of  the oxide ac- 
companied by iridium deposition in surface regions along with 
the evolution of  tungsten oxide or gaseous  oxygen. The occur- 
rence of such a chemical reaction cou ld  explain the consider- 
able instability exhibited by the work function curves shown in 
Fig. 2 at temperatures between 1800 to 2200 K, especially in 
the case of higher iridium contents. The  work function plots of  
the W-IR0.5C alloy did not display such fluctuations. It should 
be pointed out that unlike the rest of  the  samples, the W-IR0.5C 
sample was sintered under reducing conditions, and its ho- 
mogenized microstructure was ext remely  uniform (Fig. 5a). 

This discussion has provided two separate mechanisms for 
the formation of  an iridium layer on the surface of tungsten at 
elevated temperatures. One involves the  interaction of iridium 
with defects in tungsten near the gra in  boundaries, and the 
other involves the interaction of  i r id ium with oxygen at the 
grain boundaries. Secondary ion mass  spectroscopy (SIMS) 
images and transmission electron microscopy (TEM) have 
been performed on the surfaces of  the electrodes with the high- 
est iridium content (W-IR5M) and presented elsewhere. [6,14] 
These initial results have indicated regions of iridium accumu- 
lation together with what appears to be disc-shaped second 
phase particles and regions with l amel la r  morphology. 

4. Summary and Conclusions 

The work function obtained for a series of sintered dilute so- 
lution tungsten-iridium alloys was s tudied with the primary in- 
tention of evaluating the effect of i r idium composition. The 
powder compaction-vacuum sintering route used for process- 
ing the alloys was associated with significant iridium losses. 
This resulted primarily due to reaction with residual oxygen in 
the sintering vacuum chamber and to some extent due to subli- 
mation. Nevertheless, the work funct ion evaluation of the fab- 
ricated and annealed alloys, which was performed under 
ultrahigh vacuum, indicated that the magnitude of the effective 
work function was related to the subsurface compositions 
measured immediately prior to the test.  The highest composi-  
tion of 2.65 wt% Ir (measured in the W-IR5M sample) corre- 
sponded to the highest work function at  all temperatures in the 
range of testing. Post-test composi t ional  analysis indicated a 
significant reduction in the subsurface composition for all al- 
loys tested. The magnitude of  the composit ion change caused 
by elevated temperature testing appeared  to increase linearly 
with the initial composition of the electrode. The repeatability 
of the work function was evaluated wi th  the help of pilot  test 
data obtained immediately after fabrication of  the alloys (but 
prior to the regular work function tes ts  wherein the samples 
were ground, polished, and tested to obtain the effective work 
function versus temperature data presented in this work). 

Comparison of the two tests indicates  that the repeatability 
is good only for lower iridium composit ions (<0.5 wt%). Fur- 
ther testing of  the samples containing higher levels of iridium 
resulted in higher work functions ove r  the entire temperature 
range. These observations are clear ly indicative of a net in- 

crease in i r idium atom concentration on the surface of  the  elec- 
trode in the retested samples. This may be due to the formation 
of an i r id ium monolayer film probably due to the high-tem- 
perature anneal  and subsequent quenching to room tempera- 
ture, which preceded every test. Changes in the work function 
of a surface are often interpreted in terms of changes in the  cov- 
erage of  a d ipole  layer on the surface, which becomes polarized 
due to the f low of charge between the surface atoms and the 
substrate surface. [7] The observations reported in this article 
lend support  to the hypothesis that an iridium monolayer  forms 
on the electrode surfaces, thus modifying the effect ive work 
function. The  variation in effective work function wi th  tem- 
perature depends on the balance between the flux associated 
with sublimation of iridium atoms from the surface and the dif- 
fusion flux arriving at the surface in the temperature range of 
testing. 
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