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High Bate Physical Vapor Deposition of Refractory Metals 
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Los Alamos, New Mexico 87544 

and 
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Materials Department, University of California 

Los Alamos, California 90024 

and 

Harry A. Beale 
Pratt and Whitney Aircraft 

East Hartford, Connecticut 06108 

Mechanical properties of Mo, Nb and V bulk deposits produced by 

high rate physical vapor deposition techniques (HRPVD) were studied. 

Deposits were characterized by impurity content, grain size and mor­

phology, yield strength, hardness and bend ductility. The lattice 

parameter, tensile strength and tensile ductility were also determined 

for Mo. They were vapor deposited at 0.371^, with Mo further studied 

from 0.23-0.44T (where T is the absolute melting temperature), 
m m 

Yield strengths of Mo and Nb were comparable to those of wroujr*— 

material having equivalent grain sizes. An average yield strength o^ 

36.1 kg/mm2 (51.5 ksi) was obtained in 7 deposits of 0.7 pa grain size, 
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Energy Commission. 
+ Work performed in partial satisfaction of the requirements of the degree 
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vhich is well above previously reported values. This high yield 

strength is primarily due to grain size refinement and not the 

interstitial content. 

Ultra fine grained refractory metals, such as the V deposits 

produced in this study, may greatly reduce void formation and growth 

in irradiated materials in fast breeder and controlled thermonuclear 

reactors. As void growth causes dimensional changes and degradation 

of mechanical properties in reactor structural components, it is de­

sirable to reduce the problem by removing excess vacancies (produced 

by the neutron irradiation) which drive the void nucleation and 

growth process. A calculation shows that this may be accomplished 

by trapping the vacancies at grain boundaries. For the V of this 

study, at a typical operating temperature of a controlled thermo­

nuclear reactor first wall (973K), up to 92% of the excess vacan-

g 
cies are trapped at the boundaries for a dislocation density of 10 

cm . This would reduce the dimensional change by an order of mag­

nitude for a given neutron fluence. We suggest that HBFVD techniques 

may be used to prepare fine-grained materials having superior resis­

tance to swelling induced by fast neutron irradiation. 
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INTRODUCTION 

Hetals irradiated by fast neutrons between 0*3 and 0.5 of their 

absolute aeltlng temperatures T swell by avoid formation and growth 

process as a function of fluence, temperature, gas content, and •icro-> 

structure. This is a najor obstacle to development of fast breeder . 

and controlled thermonuclear reactors, due to dlmenoional changes 

and degradation of mechanical properties of structural, components. 

In addition, hydrogen embrittlement and transmutation (conversion of 

one isotope to another) axe expected to cause problems. For example, 

niobium one of the current reference structural materials for the 

first wall of a theta-plnch controlled thermonuclear reactor (CTR) 

design (Fig, 1), is expected to suffer swelling rates of 1-5%/year, 

a transmutation rate (to Zr, Ho, Y) of 1.4 at.Z/year, and 890 at.ppm/ 

21 
year H production (Table I) at an annual fluence of 2.64 x 10 neutrons/ 

2 
cm . To successfully operate such a reactor will require development 

of first wall materials that resist swelling, to minimize their periodic 

and costly replacement. 

The objective of this study was to investigate the microstructure 

and yield strength relationships of three possible CTR first wall candi­

date materials-Ho, Mb and V - produced by high rate physical vapor 

deposition (HKPVD) techniques at various deposition temperatures. We 

wanted to determine if one could use HHPVD techniques, where micro-

structure of deposits can be controlled, to prepare materials having 

superior resistance to swelling than wrought material. 
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EXPERIMENTAL TECHNIQUES 

A schenatic of the vapor deposition setup is shown In Fig. 2. 

The evaporant stock, a 2.5 en diameter billet, Is aounted In a rod 

fed' electron-bean-heated evaporation source. The evaporant was con­

densed on direct or Indirect resistance heated substrates. The sub­

strates were thin rolled foils of the sane material as the evapor­

ant. The entire assembly was mounted In a stainless steel vacuum 

-5 -4 
bell Jar. The pressure during depositon was 1 x 1 0 to 1 x 10 

torr. Two chromel-alumel thermocouples were spot welded to the back 

side of the substrates to monitor condensation temperature. 

To synthesize these deposits, the substrates were heated to the 

desired deposition temperature prior to heating the evaporant bil­

let. The electron beam was turned on to form the molten pool at 

the end of the billet as the vapor source, with a shutter positioned 

over the pool to protect the substrate from Initial spitting. Upon 

removing the shutter to begin the deposition, the heater current 

was lowered to compensate for the radiant heat transfer to the sub-

strata from the pool. During deposition on direct resistance heated 

substrates, the current was gradually increased to offset the effect 

of increasing cross-sectional area of the condensate. After the 

initial temperature transient, substrate temperatures could be controlled to 

+ 5K. Deposition rates ranged from 0.5 ya/mln. to 12.7 itm/min. tad deposit 

thicknesses from 25 pa to 325 lis. 

Tensile specimens were cut from the center of the deposits, and machined 

to else with a rotary-blade carbide burr. The tensile specimen gage 

length was 2.5 cm, the gage width typically about 0.6i» cm, and the thickness 



- 5 - ; - ;;';••;. , • , ; : ' : / • ^ ; / ' - ' • ' . • 

was * 0*3 am. Thickness variations in the gage length were usually 4-6Z. 

Vickers aicrohardness aeaaureatnts were taken on polished aetallographic 

specimens, with ten Indentations made on both a surface aai edge of each 

saaple to permit a statistical treatment. Bend tests were performed 

2 
according to ASTM specification E290-68 . 

The lattice paraaeters of Mo deposits were aeasured for saaples de­

posited between 673K and 1263K. The reflections from the (200) through 

the (400) peaks were used, isolating the K - and JC , reflections accord­

ing to the Bachinger technique. The Nelaon-Biley extrapolation function 

' ' • • . ' • ' ' . ; ' • • 4 

was used to obtain the lattice paraaeter, employing a lesst squares fit 

in each case. ( 

RESULTS AND DISCUSSION 

Cheaical Analysis 

Iapurity concentrations in the evaporants and deposits are reported 

in Tables II-TV-. The vacuum fusion techique was used to analyse for 0,, N_, 

and H_, the coabustion aetfaod for C, and aass spectrographs techniques 

for the aetallic iapurities. 

The iapurity content of the deposits result froa the condensation of 

iapurities In the gas phase. The aetallic iapurities coae primarily 

froa the aelt. The interstitial iapurities, 02>H2»N2»and C, are present 

in the gas phase froa the vacuua environaeut (vacuum gas phase, out- : 

gassing froa container surface, etc.) as well as due to specific re-

6 7 
actions occurring in the aelt such as sacraficial deoxidatlon. ' 

Molybdenum. Sample Mo-A-5 was synthesized from a Thermo Electron bil-

lit and MD-B-3-3 from Climax stock. The aajor difference between the Mo deposit 
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and avaporant composition la tha oxygen content (labia II). Tha in-

eraaaad oxygen eontaat of tha deposits la consistent vith the pradlction ' 

that a Mo malt will deoxide by Ho suboxide volatitillsation, thus trens-

ferring oxygen to tha deposit and resulting In a higher contant relative 

to tha avaporant. The higher lapurlty contents in tha Mo-A-5 deposit 

made fro* Thermo Electron stock aa compared to Mo-E-3-3 made from 

Climax Molybdenum stock suggests that the vendor Analysis supplied with 

the former Is incorrect* 

Niobium, the chemical analysis of niobium evaporsnt arid deposits 

(Table III) show a marked pickup in 0 and Ta in tha deposits. This also 

agraew with tha prediction ' of sacraficlsl deocidation of tha malt 

by TaO and NbO volatilisation* thus concentrating oxygen and tantalum 

in the deposit as shown in tha analysis. 

Vanadium. Tha oxygen contamination of vanadium deposits during de­

position 1* due to aacraficial deoxldatlon of MoO. •» evidenced by the 

molybdenum and oxygen concentration in the deposits. Molybdenum has a 

much lower vapor pressure than vanadium and therefore the Mo concentration 

in the deposit cannot be due to evaporation of Mo atoms from the melt. 

Tha morphology of deposits is strongly influenced by condensation 

temperature. Movehan aad Damchishin Investigated the temperature de­

pendence of morphologlaa of HI* Ti. W. a^O^, aad Zr02 deposits. Bunshah 

end co-workers found this model to apply for Ti, Hi, Mi-20Cr. and TIC. 



They found three morphology zones dependent on homologous temperature 

(Fig. 3), with transition temperatures T, and T^ between the.zones of 

Tx - 0.3TB and T2 - 0.3-0.451^ for metals. Zone 1 flKO.ST^) has a 

domed-surface structure with tapered grains, the dome diameter increasing 

with temperature. Zone 2 (0.3T <T<0«45-0.5T_) exhibits a columnar grain 

m m • ̂  

morphology with a smooth matte surface. In rone 3 (T>0.45-0.5T ) an 

equiaxed structure in both surface and cross lection was reported. Such 

transition temperaturescalculated from their model for metals of interest 

here are given in Table V. 

Molybdenum. The range of deposition temperatures investigated was 673 to 

1263 K. Figure 4 shows the characteristic domed morphology am predicted by 

the Hovchan-Demchlshin model. At higher temperatures, the columnar morphology 

characteristic of sons 2 is to be expected and was confirmed in the Investiga­

tion for dapoaition temperatures of 1188-1263 K (0.41-0.44 Tfc) with che grain 

sise increasing with temperature*. However, in the range 973-1188 K (0.32-0.44 

TB) epitaxial growth occurred on the rolled Mo sheet substrate, and the grain 

morphology was identical to the elongated grain structure typical of rolled sheet 

with no increase in grain diameter with temperature, figure 5 shows a surface 

view of a Ho deposit with the elongated grain morphology. Figure 6 la a cross-

sectional view and shows grain growth of the substrate grains into the deposit. 

He did not observe such epitaxial growth in V or Mb deposits in the same homolo­

gous temperature range, lor have examples o." epitaxial growth of thick-deposits 

been reported. 

liobium. whan deposited at 0.371^ (1023K), niobium exhibited an equlaxed 

structure In both surf ace and cross section (i.e., a some 3 morphology) 

rather than the predicted columnar aorphoiogy (Fig. 7). The grain alms of 

the deposits averaged *V9.4 pm. 

•amadimm. The vaaadlmn was dteositotel at 540K (0.37Ta). Transmission 

electron microscopy revealed a grain else of 0.7 um in the plane of the fell 

(Fig. «). A member of small plamolee were Introduced dwrlmg the »n—«-g 

mp.es white sets. 

http://mp.es
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Machanical Properties 

••;-- Molybdenum* The yield and ultinate tensile strengths are presented 

as a function of inverse square root of grain diameter in Figs. 9 and 

10. Folia were tested at crosshead speeds of 0.05 and 0.005 cm/nln to 

Investigate the effect of strain rat* on tensile properties. Hall 

and .Patch proposed the following relation between grain size and yield 

or flow stress of noncrystalline aetals: 

a - o ^ + k d " 1 7 2 (1) 

where a » yield or flow stress, 
O »;functionstress, 
k-Hall-Petch slope, 
d - grain olaaeter. 

Ho obeys this relationship for yield and fracture at both crosshead 

speeds. The constants 0 and k, obtained fro* a least squares fit, are 

listed In Table VI with other mechanical property data on Mo deposits. 

The.problem of separating the effects of strain rata and iapurity con­

tent on yield and tanslle strengths is Introduced by the substantial differ­

ences la purities of deposits teeted at the different crosshead speeds. 

Foils synthesized froalarao llectren evaporant stock were teeted at 0.05 

ca/aiB, and those frost the purer CUaex Mo at 0.0005 ca/ain. Briggs 

and Camshsll fownd the lower yield stress of Mo to vary linearly with 

the log ef strain rate at rooa tsap srsrnrs, with e slope of 7.5 kg/aa 

log sec'1. If we assail that this holds for vapor deposited aaterial, and 

further aaewas that a decade chsmao in crosshsed speed corresponds to a 

••• •. I '. 2 

iesaso sheaae la strain rate, then o^ehould be 7.5 kg/aa greater at 

0.05 oa/aia then at 0.005 em/mla. The actual change was 12.3 kg/aa2. we 

earnest the dlffereaee to be dae to the Increased Interstitial content and 
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the fact that the normalised crosahead speed (speed/gage length) is 

soaewhat larger than the true strain rate. The results of this work are 

12-15 
consistent with those previously reported, as larger strain rates 

were used in those Investigations, thus increasing 0 . 

'12-15 
Upper and lower yield strengths previously reported for Ho 

were not observed in the study. This may be due to a pre-strain effect 

introduced while flattening samples in a fixture at 473-573K to hold then 

in place while machining tensile specimens, thus obliterating the yield 

points. 

Niobium. The yield strengths of niobium deposits are presented in a 

Hall-Petch plot (Fig. 11), with results on wrought material included for 

comparison. A wide range of Hall-Petch parameters a and fc have been 

obtained due to varying strain rates and impurity contents of the 

22 
test specimens. Szkopiak reviewed the effect of oxygen and nitrogen, 

the most prevalent Interstitlals, on 9 and k . He concluded that the 

Increase in yield strength for coarse-grained specimens was 2 x 10 per 

—4 2 

wt. ppm oxygen and 4.14 x 10 kg/mm per wt. ppm nitrogen, thereby in­

creasing aQ and lowering k . Briggs and Campbell found the lower yield 

•tress to vary non-llnearly with log strain rate, gradually increasing with 

strain rate. As the strain rate used in this study was lower than in pre­

vious .investigations, the relatively low yield strengths are consistent with 

these results. The absence of upper and lower yield points is thought to 

be due to the same prestraln effect described for molybdenum. 

Vanadium. Figure 12 presents the yield strength of vanadium deposits, 

19 23 
with findings of previous studies * for comparison. The large value of 

19 
a reported by Lindley and ft—11—n appears to be due to the high oxygen 
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24 
content (1700 ppm) of their samples. Elssaer and Horc determined 

that the lower yield of the recrystallised material obeyed the relation: 

aLY(kg/m»
2) - 5.0 + 2.0CN + 5C.0C0 (2) 

where 5.0 is the value of o_Y for zero gas content, and C~ and C_ are 

the nitrogen and oxygen concentrations in atom percent. 

For a deposit containing 84 wt. ppm nitrogen and 470 wt. ppm oxygen, 

2 
the increase in yield from the last two terms of Eq. (2) is 7.6 kg/mm . 

23 -1/2 -1/2 
Extrapolation of the data of D. H. Sherman et. al. to d ' • 38 mm ' 

(.tills work) and adding the impurity correction from Eq. (2) results in 

2 2 

a calculated yield of 35.6 kg/mm . This is only 0.5 kg/mm below the 

measured yield, well within experimental error. 

Hone of the samples was loaded to fracture. However, one was strained 

to 14% elongation. This is somewhat more ductile than the 122 strain re­

ported by Van Fossen 2 5 for d""1/2 « 7.3 mm"1/2 at a strain rate of 0.005/min. 
' ' • • • ' • 26 

It compares favorably with Lindley and Smallman's range of 62 to 22% 
for d"1'2 »1.97 to 11.6 mm"1'2. 

Hardness 

27 

Molybdenum. Belomytsov et. al. measured the microhardness of Ho con­

densates ari. reported a dependence on substrate temperature. The hardness 

2 
was approximately 240 kg/mm (TON) above a 1023K deposition temperature, ln-

2 
creasing to 400 kg/m at 873K. The measurements in this study for deposition 

2 
temperatures of 973-1173K averaged 242 kg/mm , in- excellent agreement with 

the previous work. 

Niobium. The surface and edge hardness values were 115.5 and 119.5 

2 28 
kg/mm , respectively. These agree very well with those of Faxton and Sheehan 
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who reported a Vickers hardness of 120 kg/at for a 350 wt. ppm oxygen 

'content. 

Vanadium. Anlsotropy in hardness was observed. The average micro-

2 2 
hardness is 115.3 kg/an on the surface and 107*7 kg/an on the edge. 

Bend Ductility 

Molybdenum. The bend ductility of the deposits was low, with percent 

elongation under IX. The percent elongation is: 

E - 100T/(D + T) (3) 

where T - thickness of deposit + substrate 

D * mandrel diameter. 

The low ductility is attributed to the carbon and oxygen, content. Barr 

29 
et. al. , found a large increase in the ductile-brittle transition temperature 

30 
between 40 and 80 wt. ppm carbon. Marlnger and Schwope reported severe grain 

-boundary embrittlement of the oxygen-saturated material. As the oxygen con-

31 
tent is above the solubility limit, the low ductility is consistent 

with these reports. Deposits with much lower oxygen contents can be pre­

pared by prior high vacuum melting of the evaporant stock. This would 

improve the ductility of the deposits. 

Niobium and vanadium. The niobium deposits withstood and average 9.3Z 

-elongation (5.4T--bend test) before cracking. • Vanadium withstood an 18.8% 

average longation (2.2T bend radius). 

i, j 

Molybdenum Lattice Parameter 

The lattice parameter of the molybdenum sheets were found to be in­

dependent of substrate temperature, as shown in Figure 13. The impurity 

contents of the deposits are low enough (Table II) so that contamination 
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is not considered to be a significant factor, as the deposit purities 

(99.8857-99.9639Z) equal or better those of bulk molybdenum samples for 

32 
which lattice parameters have been reported by Pearson . The small 

variation in the lattice parameters is attributed to slight deviations 

from flatness. The standard deviation from the bulk material lattice 

parameter at 293K (3.1468A) J* is 7.05 x l(f* A. 

27 
Belomytsov et. J1. have previously measured the lattice parameter 

of molybdenum deposits condensed over a similar temperature range (723-1373K 

versus 673-1263K in this work). They found a significant decrease below 

a deposition temperature of 1123K, the difference increasing with de­

creasing temperature (Fig. 13). However, deposit thicknesses and impurity 

contents were not reported or cons?aered. Their work may apply only to thin 

films. 

EFFECT OF GRAIN SI2& REFINEMENT ON VOID GROWTH 

IN nt& 'JATED METALS 

Metals, when irradiated from 0,3 to 0.5T , swell by a void formation 

and growth process as a function of fluence, microstructure, purity, and 

temperature. A fast neurton, slowing done by elastic scattering, creates 

a damage zone known as a displacement spike containing equal numbers of 

vacancies and displaced atoms in Interstitial sites. These point defects 

either recombine or migrate to sinks such as dislocations, grain boundaries, 

and voids. Grain boundaries and dislocations are better sinks for lntewtitiais 

than vacancies, so that an excess of vacancies results which drives 

the void nudeation and growth process. By refining the grain size, as 

with the HRPVD produced vanadium, of this study, one increases the total 
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graln boundary area and hence the effectiveness of grain bound­

aries as vacancy sinks relative to dislocations and voids. If 

one can bias vacancy migration to sinks other than voids, one re­

duces the void growth rate. 
• 3 3 - • • ' ' - . 

Harkne8S et. al. have developed sink terns describing the 

flux of point defects to voids, dislocations, grain boundaries,: 

and precipitates. Ihe relative efficiency of a sink is simply: 

(4) 

where f , is the efficiency of sink j, and 

0 k is the flux of vacancies to sink k. 
"33 Applying (4) to these flux terms, one obtains: 

fv,8b - f1+^gV3 ^ w +4"WgRsrl (5) 

^.dis- [1 + 3 1»<V V / irLRgRs + I W W " 1 ,-) <6) 

fv,void " ll + 3 / 2 i r RgWv + L' 2W aW 3" 1 <7) 

where R - grain radius • 3.5 x 10 cm for the V produced in this 

study, 

R - half the average spacing between point defect sinks 

- 3. xlo" 6 cm, 

R • core radius of a dislocation•«10~ cm, 

Rv - void radius - 1.15 x 10~
6 cm at 873K,34 

Xy - void density » 3i2 x 10
1 4 cm""3 at 873K,34 and 
8 — 2 L -dislocation density • 10 cm . 
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Solving the above equations, the sink efficiencies for vanadium 

at 873K with a grain size of 0.7 pm are: 

fgb -92.3X (8) 

*dis " °-3Z -W 

fvoid" 7^ X <10> 

34 
The void density experimentally obtained by tfiffen was 

adjusted to account for the presence of a void depletion zone ad-

• ' 3 5 
jacent to the grain boundary. 

Tor the sane material with a high dislocation density of 10 

-2 
en , at 873K the efficiencies become: 

fgb - 70.8Z (11) 

^ • d i s - 2 3 - 2 2 <12> 

*void"6*0* (13) 

From this calculation we see that the grain boundary area traps 

the bulk of the excess vacancies, reducing swelling by 70 - 92%. 
' . ' • • • : ...". '• : - ' & • ' ' '• 3 6 

This effect has been experimentally demonstrated by Singh with a 

fine-grained austenitic stainless steel. If one can produce deposits 

of refractory metals with this very small grain size, then the prob­

lem of void formation and growth in reactor structural materials 

would be greatly alleviated. 
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GONCLUSIONS 

Three refractory metals were deposited. The mechanical proper­

ties of Ho and Kb were comparable to those of conventionally pre­

pared material. The yield strength of V deposits was superior to 

wrought V because of its ultraflne (0.7 um) grain size. Calculations 

showed that this material should strongly resist void formation and 

growth when irradiated by fast neutrons at 873K due to vacancy cap­

ture by the grain boundaries. In the future, it should he possible 

to produce refractory metals and their alloys for use in reactor tech­

nology with the required property of reduced swelling using HRPVD 

techniques. 
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Caption Legend 

.Figure 1. Reference Theta Pinch Keactor. Cross section of torus 

(right); rad:Ul blanket segment (left). 

Figure 2. Schematic of deposition setup. 

Figure 3. Structural cones in condensates (after Movchan and 

Demchishln7). 

Figure 4. Surface of Molybdenum deposited at 873K. Zone 1 

•orphology. 1570X. 

Figure 5. Surface of molybdenum deposited at 1073K showing elongat­

ed grain morphology. 408X. 

Figure 6. Cross section of Molybdenum deposited at 1073K showing 

epitaxial growth of grains. 540X. 

Figure 7. Cross section of niobium showing aqulejMd grains. 500X. 

Figure 8. Transmission electron Micrograph of deposited vanadium. 

34000X. 

Figure 9. Yield strength versus inverse square root of grain dia­

meter for molybdenum. 

Figure 10. Fracture strength versus inverse square root of grain 

diameter for molybdenum. 

Figure 11. Yield strength versus inverse square root of grain dia­

meter for niobium. 

Figure 12. Yield strength versus Inverse square root of grain dia­

meter for vanadium. 

Figure 13. Lattice parameter of molybdenum condensates versus sub­

strate temperature. 
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W&JL 

Xioalua first Hall Paraaatara for tha Controllad Tharaoouclaar laactor 

Dafinitioo Vatoa 

flnaaea of 14.4 MaT nautrona 

• a l i a s production 

MyaVofa protection 

Traa—atitlou rata 

Oparatiag tana-aratura 

Ktaaiaa tklekaaaa 

Altaataa iasalator talckaaaa 

UmUm ratiaa of aioblaa wall 

laatyj aapoaition 

2.84 x 102 l /c«2-yr. 

270 a t . ppa/yr. 

890 at . ppa/yr. 

1.4 a t . X/yr. 

120 dpa/yr. 

773 - 1273* 
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0.030 em 
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494 J/ea3 
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TABLI II 

Ch—leal Analysis of HolybdamaB Itaporants and Daposlts 
(ppa by walgbt) 

c 

0 

H 

• 

Ctt 

is 

111 

tl 

Ti 

Thatao llactron 
•vaporant stock 

50 

9 

2 

1 

— 

30 

— 

20 

_ 

Dapcslt He 
(fr. T. I. 

70 

750 

25 

23 

10 

95 

10 

147 

13 

iax Holy. 
rant stock 

40 

50 

5 

5 

10 

37 

10 

120 

10 

Daposlt Mo-I-3-3 
(fr. Cliaax stock) 

30 

150 

8 

8 

60 

45 

10 

40 

10 

I 

SasfUar's analysis 
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IWf I" 

Caaartcal Aaalyala of Vtoblua Ivaporant and Dapoaita 
(apa by walafat) 

c 
0 
I 
M 

Al 
1 
Ca 
Cd 
Co 
Cr 
Ctt 
la 
If 

m Mi 
M» 
11 
fa 
Si 
ta 
Ta 
Tl 
V 
W 
Ir 

laladyaa Mali Chang 
•waaoraat atoek 

35 
<S0 
2.4 
33 

<20 
<1 
<20 
<5 
<10 
<20 
«40 
<50 
<S0 
<20 
<20 
<20 
<20 
<20 
32 
<10 
no 
<40 
<20 
43 
<100 

Dapoait 
Hb-A-2-2 

80 
350 
15 
33 

<20 
<1 
<20 
<5 
<10 
50 
<40 
<50 
<50 
<20 
<20 
25 
<20 
<20 
•C 
<10 
612 
<40 
<20 
— 
<100 

Dapoait 
Xb-A-2-3 

70 
360 
8 
32 

<20 
<1 
<20 
<5 
<10 
<20 
<40 
58 
<50 
<20 
<20 
50 
<20 
<20 
58 
10 
826 
56 
<20 
—_ 
324 
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TABUC IV 

Ch—icsl Analysis of Vanadlua tvsporsnt and Deposits 
(ppa by weight) 

c 
0 
M 
I 

11 
• 
Cu 
Is 
MS 
Ms 
Mo 
Mb 
SI 
Ts 
XI 
ff 

Tsledyne Hsh Chang 
evsporsnt stock. 

125 
110 
110 
<5 

88 
<1 
<40 
89 
34 
<20 
<20 
<1000 
539 
<1000 
<50 
<500 

Deposit 
V-A-3-2 

120 
470 
84 
19 

72 
<1 
<40 
53 
<20 
<20 
120 
<1000 
135 
<1000 
<50 
<100 

Deposit 
V-A-3-3 

140 
540 
99 
9 

70 
<1 
<40 
<50 
<20 
<20 
115 
<1000 
140 
<1000 
<50 
<100 
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TABLB V 

Morphology Zone Boundary Tcnperatures 

Material Zona 1 Zone 2 . Zone 3 

Metals <0.3 T *2) 0.3 - 0.45 T >0.45 T 

Oxides 0.26 T 0.25 - 0.45 T 0.45 T 
m II at 

Item Movehan and Deachishin 
2 
t Is the absolute Belting temperature 

Calculated Transition Tenperatures 

Material T^ Ti TZ 

Molybdenum 2610°C 592°C 1024°C 
2883 K 865 K 1297 K 

2468°C 549°C 960°C 
2741 K 822 K 1233 K 

1890°C 376°C 700°C 
2163 K 649 K . 973 K 
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TABLE VI 
:'-25-;: • IVt^lJiC -'IV ISV I 
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Deposition Grain 
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 :-" 
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•-1 
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19 
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1S.S 

. I f V,fe 
:;#13-
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0.005 

0.005 

0.00SM 
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4.00S 

^905 

"OiOOS-
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25.3 
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