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ABSlRACT 

HCWELL, ,TAMES PRESTON. Thermomechanical and Thermochemical Behavior 

of a Hafnium-20 Percent Tantalum Alloy. 

C W S  R. MANNING, JR.) 

(Under the direction of 

An investigation was conducted to determine the themnomechanical 

and thermochemical behavior of a high temperature oxidaticn resistant 

hafnium-20 percent tantalum alloy. The elastic and shear moduli of 

this alloy were determfned in air up to 1000° C and in vacuum up to 

2000' C using a mechanical resonance technique. 

of the a l l o y  was measured up to temperatures greater than 1bO0 C. 

Room temperature stress-strain behavior of the oxidized and unoxiilized 

alloy was established. 

moduli of the extruded rod material was investigated. 

type phase transformation occurring in the alloy was studied using hot 

stage metP.llography and electron microscopy. 

were conducted on the alloy at temperatures from 1000° C to 170O0 C with 

weight gain measirements made as a function of time and temperatures. 

Surface morphology studies were conducted on the oxide coatings formed 

at the different temperatures using scanning electron microscopy and 

X-ray diffraction techniques. 

The inbrnal friction 

The effect of annealing on the elastic and shear 

The martensitic- 

Static oxidation tests 

The elastic modulus of the hafnium-20 percent tantalum extruded 

6 rcd material as received was found to be 17 X 10 psi with a shear 

modulus of 6.8 - 7.0 x 13 psi  at room temperature. Annealing the 

alloy at 1200' C for 4 hours was found to increase the e:astic modulus 

to 18.6 X lo6 psi and the shear modulus to 7.4 X 10 psi. 

moduli of the as received material was attributed to the preferred 

6 

6 The lower 



orientation of the extruded rod specimens. 

annealed alloy was fo*md to be 0.27. 

Poisson's ratio cf the 

The elastic and shear moduli decreased linearly with increasing 

Above this temperature the moduli temperatures up to about 1020' C. 

dropped very rapidly and was accompanied by a rapid increase in the 

internal friction. 

greater than the room temperature value of 

tinuing to rise. 

psi or less than 20 percel?t of its room temperature value. 

At 1400' C the internal friction was 133 times 

&'I = 9.1 X and con- 

At 197'iCI C the elastic modulus decreased to 3.5 X 10 6 

Ultimate tensile strength of the as received alloy averaged 

151,000 psi with failure being that of ductile fracture. 

lowered the strength to 120,400 psi while oxidation at 1000° C caused 

a 75-percent decrease in strain-to-failure which was characterized by 

a typical brittle fracture. 

Annealing 

Results of static oxidation studies indicate a typical parabolic 

oxidation behavior for times up to 3 hours, tending to became linear 

beyond that point. Surface oxide mqhology studies show that oxide 

coatings formed fit temperatures bL*h w 1400' C are mixtures of mono- 

clinic and stabilized tetragonal WP2, and p-%05. They are 

typically white in color and are swc nptible to severe cracking 1.1 

cooling from elevated teqeratures. n CoCtrast, coatings formed 

above 1400' C were bluish/gray ir. color, predominantly stabilized 

tetragonal Woe and p-%O5. Individual oxide needles formed in 

coatings above 140O0 C and sintered toeether forming 8 smooth, molten, 

tightly adherent coating. 

Results of this invectigation lndicste the potential of the 

hafnium-20 percent tantalum alloy for u6e in h j g  temperature oxidizing 



environments. It is ,  however, l imited t o  relative short ti= applica- 

t ions ,  has low elastic and shear moduli at e lmated  temperatures, and 

i s  embrittled by preferred oxidation at the grain boundaries. 
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INTRODUCTION 

With the advept of the space age and the development of hypersonic 

vehicles, demands for the development of new materials have been in- 

creasing at a rapid pace. Extreme temperature aerodynamic environments 

have been a primary driving force for the development of materials with 

Good oxidation resistance at temperatures above 2000° C, yet having 

room temperatu~~e ductility that wi 11 allow forming by techniques used 

for refractory metals. Refractory metals, in general, are plagued by 

their very high oxidation rates at elemted temperatures, but encour- 

aging results have been oktained by alloying these high melting point 

materials with each other. 

One such combination of refractory metals which seems to be a 

promising candidate for a wide variety cf applications is the hnfnium- 

tantalum alloy system. 

suggest potential usage as a coating or a free-standing structure In 

such applications as reentry vehicle leading edges, ramjet engine 

structures, rocket thrust chambers and nozzle insertti, and other appli- 

cations roquiring high temperature oxidizing atmospheres. 

Initial investigations of this alloy system 

The early development work in the hafnium-tantalum alloy system 

has been concentrated in the 20 to 30 percent tantalum, 70 to 80 per- 

cent hafnium composition range. Preliminary oxidation data indicates 

that the greatest oxidation resistance of this alloy system lies within 

t h i s  composition range. 

(1968) has reported coatings of a M percent tantalum-hafnium aystem 

Maynard Hill of Johns Hopkins University 
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t o  be superjor among candidate6 for small-radius leading edges for 

hypersonic vehicles. 

Prior to the design of high temperature structures, the funda- 

mental mechanical and chemical behavior of the material must be well 

understood. 

able as . function of temperature to properly size structures. The 

degradation of the mechanical behaViGr of the material in a high tem- 

perature oxidizing environment is important, as this BUOY'S greatest 

potential usage will be under this "ocdition. 

cost uld limited industrial experic.?ce in its fabrication, many of the 

questions on the fundamental behavior of the haf'nium-20$ tantalum 

system have not been answered. 

"he mechanical properties of the material must be avail- 

Because of high material 

The pw'pose of this investigation w to provide a basic under- 

standing of the thermomechanical and thermochemical behavior of the 

hafnium-20$ tantalum alloy system. "he specific objectives were to 

(1) characterize the fhndamental elastic properties of Young's or 

elastic modulus shear modulus, and Poisson's ratio, of the hafnium- 

20s tantalum alloy as a function of temperature, up to 2000' c using a 

mechanical resonance technique; (2) determine the temperature depend- 

ence of the internal friction of the alloy system; (3) evaluate the 

ultimate and yield strength of the alloy at room temperature; (4) gtudy 

the degradation of mechanical behavior due to extended exposure in an 

oxidizing cnvironrent; (5) scudy the annealing behavior of the a l loy  

through the mechanical resonance technique; (6) conduct a queditative 

structural analyeis of the metal alloy and ite high and low temperature 

oxide through X-ray diffraction techniques; (7) study the oxidation 



3 

characteristics of the alloy as a function of temperature arid time; 

and (8) study the martensitic phase transformation of the allcy with 

hot stage metallography techniques. 
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General Development 

A historical review of the development of the hafnium-tantalum 

alloy system begins with the discovery of the two metallic elements 

comprising this system as related by Hempel (1961). 

covered in 1802 b;. tr,e Swedish scientist, Ekeberg, who named it after 

Tantalus in Greek mythology because of the difficulty of dissolving the 

oxide. Because of the similarity of the properties of the compounds of 

columbium and tantalum, the two were regarded as identical for over 

forty years. 

and it was the first metallic filament for incandescent lamps. 

been commercially produced in the United States since 1922. 

Tantalum is located in group W of the periodic table. 

Tantalum was Ms- 

!?he first ductile tantalum was produced in Berlin in 1903 

It has 

It has a 

body-centered cubic crystal structure, an atomic number of 73, and 

atomic weight of 18O.B. 

tion of elements in the earth's crust, and is always found associated 

with its sister element, columbium, which is about eieven times as 

prevalent. It is always found in mineral form, the most important 

mineral source being a ferrous manganese tantalate-columbate, 

It ranks fifty-fourth in order of concentra- 

(Fe, M d  (Ta, cb)2 06. 
&traction processes are used to separate the tantalum from ores 

or concentrates. 

plished by one of several techiques, such as electrolysis, sodium 

reddction, and interaction of tantalum oxide and tantalum carbide. 

Tne reduction of the compounds to metal can be accom- 
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Consolidation and purification processes such as sintering, arc 

melting, and electron beam melting are used to convert powders to 

massive form. 

Tantalum is a strong dcctile metal, characterized by (1) high 

density, 16.6 g/cc; (2) high melting point, 2;296' C (third highest 

among the metals, exceeded only 5y rhenium, 3~80' C, and tungsten, 

3410' C); and ( 3 )  its extreme inertness to attack by all acids except 

hydrofluoric and sulfuric, at ordinary temperatures. 

Martin and Pizzolato (1961) relate the history of the other major 

constituent in this alloy system. 

1923 by Coster and von Hevesy in a careful X-ray study of various 

zirconium-containing minerals. 

elemnt 72, proposing the name hafnium (from Haf'nia, Latin for 

Copenhagen) in honor of the city in which the discovery was made. 

Hafnium is located ill group =A of the periodic table, and has an 

Hafnium was not discovered until 

They announced the discovery of 

atomic number of 72, an atc ;c weight of 178.6, and crystallizes in 

the hexagonal, close-packed structure. 

moderate amounts associated with zirconium in all types of zirconium- 

bearing minerals. 

million of hafnium in the earth's crust. This is about the same as 

the content of beryllium or uranium, and more than the quantities of 

tantalum, silver, or mercury. The principal commercial sources of 

hafnium are the minerals, zircon, (Zr, H f )  SiO4, and baddeleyite, 

(Zr, Hf) 02, primarily processed for their zirconium content. 

It occurs in nature in small to 

It is estimated that there are four parts per 

The main problem in production of hflnium, or reactor grade 

zirconium, le the separation of these metah, as they react chemically 
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the same. Several extraction methods have been developed for this 

separation. 

Kroll  pro2ess in which hafr,ium tetrachloride is reduced by magnesium 

Production of the hafnium metal is done by a modlfied 

or sodium. A hot-wire process is used to refine the hard, brittle 

sponge hafnium into crystal bar. 

niques are used to obtain the finished product material. 

Vacuum and inert arc melting tech- 

Metallic hafnium is characterized by (1) a high melting point, 

2222 230' C ;  ( 2 )  high density, 13.29 g/cc; ( 3 )  good corrosion resist- 

ance; and (4) allotropic transformation from HCP crystal structure to 

body-centered cubic (BCC) at elevated temperature. The physical and 

chemlcal properties of this material are greatly dependent on im-urity 

content. 

A search of the literature revealed that Elliot (1954) prepared 

an alloy of the two refractory metals having the cornpsition Hf'T.a2. 

He reported that the alloy could not be fractured or crushed and had a 

crystal structure composed of a mixture of the BCC and HCP structures. 

As the demand for development of materials to meet new high tern- 

perature requirements increased during the early 1960's, new programs 

were initiated to develop unique high temperature, oxidation resistant 

materials. Because of their high melting points, refractory metals 

were prime candidates for use in coating materials ir: the temperature 

regime between 1650' C and 2200' C for protection of tantalum and 

tungsten alloys. It is in this temyerature range that the strength 

advantages of these alloys become significant if they can be protected 

from catastrophic oxidation. 

and Dickinson et -- al., (1963) indicated that only four  of the 

Preliminary studies by Marnoch (1965) 
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refractory metals produced refractory oxides which showed sufficient 

stability at high temperatures to be considered candidate base 

materials. 

(Zr02), and beryllia (Be02). 

toxic, leaving hafnia and zircoiliti as prime candidates. Even though 

these materials were very similar, hafnia was selected by Marnoch as 

the base oxide for development of a high temperature coating system. 

These oxides were thoria (ThO2), hafnia (Hf02), zirconia 

Thoria was radioactive and beryllia was 

Hafnium metal by itself will not produce a slow-growing; adherent 

and stable oxide at elevated temperatures. However, by alloying with 

other elements, the high temperature oxidation resistance of  pure 

metals can be improved. 

alloying element because its oxide stabilizes the high temperature 

form of hafnia, and because it would form a ductile alloy with hafnium. 

An extensive program was carried out by the Marquart Corporation in the 

development of this alloy systen. 

developing the oxidation resistance of the system. 

acteristics of the hafnium-tantalum alloys as affected by composition, 

impurity content, alloying additj ons, temperature, time, and environ- 

ment, were investigatetl. 

Hf-278 Ta binary alloys and Lf'-ZG$ Ta-2k Mo ternary el toy offered 

significant potential for pj-atection of tungsten and alloys of colum- 

bium, tantalum, and molybdenum for relatively extended time periods at 

temperatures up to 2200 C. 

Marcoch (1965) chose tantalum as his basic 

Primary emphasis was placed on 

The oxidation char- 

The r a r d t s  indicated that the Hf-2Ok Ta and 

0 

In addition to the investigation of Marquart Corporation, H i l l  

and Rausch (1%) of IIYRI stimulated more interest in the haf'n?.um- 

tantalum al loy system i n  a prosam for the development of protective 
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coatings for tantalum base alloys for temperatures above 1950° C. 

this program, good oxidation resistance was demonstrated for short 

times in hafnium alloys containing 15 to 30 weight percent tantalum. 

In 

As a result of this IITRI program, Van Thyne, Hess, and Rausch 

(1966) demonstrated the potential of the €if-205 tantalum alloy as a 

cladding material on a Ta-1OW liquid fuel rocket nozzle throat. 

0.020-inch cladding of the hatnium-tantalum withstood several restarts 

and nearly 15 minutes of engine firing at a 2000' C flame temperature. 

Van Thyne (1966) continued development OP oxidation resistant 

hafnium alloys under sponsorship of the United States Naval Air Systens 

Command. 

could be employed in oxidizing environments in the temperature range of 

1200~ to 1650' C. The initjal goal was an uncoated structural material 

capable of withstanding at least 100 hours of servi.2e. 

est was placed on the development and evaluation of oxidation resistant 

composition. 

rather severely in less than 20 hours at 1370° C, but ternary addi- 

tions, such as chromium, aluminum, and boron considerably improved 

oxidation resistance. 

A 

The aim of this prc-yam was to develop hafnium alloys which 

Primary inter- 

Binary alloys of Hf-Ta and Hf-Cb were s lorn to oxidize 

Marnoch (lN7) reported on some of the thermal and mechanical 

properties of the hhfnium-tantalum alloys. 

thermal expansion were reported for the hafnium-208 tantalum-28 molyb- 

denm composition. 

reported along with some of the bending properties of this crlloy. 

Ultimate tensile strength properties of a Hf'-27% Ta alloy were given 

based on a limited number of tests. 

Thermal conductivity and 

A limited amount of shear strength data was 
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After making s ignif icant  progress i n  the developnent of the  

hafnium-tantalum alloy system as a pAen t i a l  h igh  temperature coating 

material under t h e  programs already discussed, a program on fabrica- 

t ion and processing technology was sponsored by NASA, fir,:-? September 

1965 through Fehruary 1969, Mash e t  -- al.,  (1968), of Fansteel, Inc., 

developed optimum processing parameters f o r  t h e  production of clad 

sheet and tubing. 

fabrication techniques were investigated. Form spinning and shear 

spinning techniqu?s were developed. 

scale metallurgical processing technology, several hafnium-20$ tantalum 

clad rocket nozzles were produced. 

Electron beam and tungsten ine r t  gas a r c  welding 

In addition t o  developiiig large 

The general h i s to r i ca l  development of t h e  hafnium-tantalum a l loy  

system having been covered i n  t h e  preceding pages, =t review of the 

theoret ical  aspects of behavior of t h i s  a l loy  system and the general 

fundamentals involved i n  e l a s t i c i t y  and in t e rna l  f r i c t i o n  measurements 

erf presented. 

Hafnium-Tantalum Phase D i a g r a m  

Some insight  i n to  the  nature of the  hafnium-tantalum a l loy  system 

a E 4  i t s  behavior can be gained from the phase diagram. This diagram, 

shown i n  F i p  3 1, represents t he  work of Oden et g., (1964), at the 

U.S.  Bureau of Mines i n  Albany, Oregon. The BCC allotrope of hafnium 

forms a continuous series of so l id  solutionG with tantalum. These 

so l id  solutions, which exis t  a t  elevated temperatures, are designated 

beta so l id  solutions. A t  24 weight percent tantalum and 1050° C, 

hafnium r i c h  beta decomposes i n  a monotectoid reaction t o  y ie ld  a 
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two-phase region of alpha and tantalum rich beta solid solutions. 

Russian scientists Svechnikov et L- al., (1%4), obtained somewhat sirnilar 

results, however, they placed the eutectoid tenperatme at 1020 210" C 

&t 17 weight percent tantalum. On rapid cooling of the alloy they 

reported the existence of a supersaturated solid solution of "a in 

alpha €If ar.d called it alpha prime (a' ) , characterized by an acicular 
appearance. 

Oxidation Behavior 

The hcfnim-tantalum alloy system provides an oxidation-resistant 

coating system which, acccrding t o  Marnoch (1965) , has relatively high 
temperature resistance to axygen, difPJsion, freedom from breakaway 

modes, mechanical and chemical compatibility with several refractory 

substrata, and some self-healing characteristics. Acting as a reser- 

voir for the potective hafnium-tan+,alwn oxide coating which is formed, 

excellent protection is afforded to the substrata until the virgin 

alloy is completely converted to oxide. 

The oxidation behavior of the hafnium-20k tantalum a l l oy  is quite 

complex. Hill and Rausch (1966) have demonstrated that oxidation 

exposure at high temperatures (16~x1~ C and higher) results in the 

formation of three basic zones in the alloy: 

outer scale; (2) a lamellar metal and oxide subscale; and (3) e two- 

3hase a + B zone of interstitial oxygen contamination. 

(1) a Ailly oxidized 

Figure 2 shows a typical metallographic examination as obtained 

by Hill and Rausch. 

Marquart (1465) studied the composition of the various pheses visible 

Electron mcroprobe analysis of the alloy at 
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in the three basic zones. 

the oxide stringers were hafnium richand the metal stringers were 

tantalum rich. These Ptringers are apparently instrumental in the 

observed tenacity of the oxide. In the oxygen contamination zone, the 

dark etching lamellae were hafnium rich and the light etching stringers 

were tantalum rich, but the ratios were different from that of the 

corresponding lamellae in the subscale; the se,paration is greater in 

the oxide strcngers of the subscale. 

The analysis revealed that in the subscale, 

Hill md Rausch reported that the a hafnium and p tantalum equi- 

librium structures in the subscale and oxygen contamination zone in 

hafnium-20$ kntalum alloys show a preferential oxidation. 

Corporation suggests that the dark etching phase in the oxygen con- 

tamination zone is primrily alpha hafnium, the light etching phase 

being primarily beta tantalum. In the subscale, the oxide stringers 

are probably primarily HfO2 and the metal stringers possibly oxygen 

saturated beta tantalum. 

interstitial contamination zone along with the oxide and metallic 

stringers. 

Marquart 

Figure 3 shows the interface of the subscale- 

In the production of the hafnium-tantalum alloys, there is always 

In general, a smll percentage of zirconium present in the hafnium. 

this represents the largest impurity content of the haf-nium-20$ 

tan5alum alloys. Hill and Rausch demonstrated, however, that impurity 

contents ranging from 0.78-percent zirconium to 2.5-percent zirconium 

had no appreciable effect on the oxidation rate and scale plus subscale 

thickness at 1925' C. They conducted other oxidation rate testing with 

the hydrogen-oxygen torch at temperatures f r o m  1700 C t o  1925' C with 0 
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Figure 3. High magnification of subscale-interstitid. 
contamination zone' s h m  in Figure 2. 
Reproduced f r a n  Hill and Rausch  (1966) 
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results shown in Figure 4. 

rate, or the possibility of two different linear rate processes being 

operative. 

These curves indicate a parabolic growth 

The growtb of the metal-plus-oxide structure in the subscale zone 

is the most significant feature in the oxidation process. In general, 

the totdl scale thickness increase with time in the "high" temperature 

oxication tests is due to subscale growth. 

that during the initial exposure period, an-outer scale of significant 

thickness is formed rapidly without tine formation of an equivalent 

subscale. This is due to the fact that the lamellar oxide structure 

is the result of competition for the available oxygen by the hafnium- 

rich and tantalum-rich phases. The partitioning of the oqgen is not 

prevalent initially because of the availability of excess oxygen during 

the initial exposure period. Their hypothesis suggests that subscale 

formation becomes important only when the available oxygen is reduced 

by the formation ?If a continuous outer oxide. 

most cases, a fairly constant ratio of scale-to-subscale of approxi- 

mately 1:4. 

Hill and Rausch postulate 

Their test indicated in 

During Marnoch's study (1965), the effect on oxidation behavior 

of oxygen content in the as-cast alloy was noted. 

in the alloy strongly influenced the stabilization of alpha hafnium. 

This effect has been noticed by Oden et al. 

Stecher (1963). 

and beta structure may be retained above the normal +ransformation 

temperature. He indicates that although the amount of alpha is small, 

it, is retained as needles, or platelets, along beta cubic planes in a 

The amount of oxygen 

(1964), and Rudy and 

Consequently, Marnoch reports that the two-phase alpha 
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Figure 4. 0xid:rtion rate of hafnium-X)$ tantalum a l loys  at 
1700 - 1925’ C. Reprpduced f’rom Hill and Rausch 
(1966 1 
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Oxygen at tack of the a l loy  then takes typical  Widmanstiltten structure.  

place preferent ia l ly  along the alpha hafnium p la t e l e t s  t o  produce the  

segregated s t r ingers  charac te r i s t ic  of those seen i n  h i s  oxyacetylene 

torch-tested alloys. 

Marnoch proposed a dual concept t o  describe the  oxiddtion 

behavior : 

the kinet ics  of oxidation, and oxygen at tack preferent ia l ly  dong alpha 

hafnium p la t e l e t s  i n  the  two-phase alpha plus beta alloy IlitiLrix which 

governs the forrnation of the reaction zone (subscale plus oxidation 

contamination zone). 

oxygen diffusion through dense surf ace oxide which governs 

The r e su l t s  of Marnoch's oxyacetylene torch tests on the hafnim.- 

This figure shows t h e  oxicL? 

The growth rate appears parabolic up t o  

20% t a n t a l m  alloy are shown i n  Figure 5. 

growth as a function of time. 

about 10 minutes, after which it becomes somewhat l i nea r  at  uncorrected 

surface temperatures up t o  about 1975' C. 

heating a t  1925' C uncorrected surface temperature, and metering in air 

a t  flow rates of 25 SCFH on a hafnium-271% tantalum alloy i n  a 40-torr 

VELCUU~, Marnoch found some signif icant  results. He found tha t  oxygen 

pressure did not s ignif icant ly  a f fec t  the rate of in te rna l  oxidation 

of the alloy, but the  rate of t o t a l  conversion of metal t o  oxide was 

slower, as the supply of oxygen atoms t o  the surface of the sample was 

only s l igh t ly  faster than the diffusion rate of oxygen through the  

metal, resul t ing i n  incomplete conversion. Thus, he concludes tha t  

conversion of metal t o  oxide takes longer a t  low oxygen pressure than 

a t  high oxygen pressure. 

Using radiant o r  induction 
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Figure 5. Oxide growth rate for hafnium-20$ tantalum U o y .  
Reproduced from Marnoch (1965) 
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The effect of preoxidation on the high temperature oxidation 

behavior of the alloy was studied by Hill and Rausch (1966) and Marnoch 

(1963). 

apparent effect on the oxidation behavior, but preoxidation at 870' C 

decreased the oxidation resistance of the alloy. Marnoch preoxidized 

at 2150° C and then oxidized the samples at 1650' C. He compared these 

to standard samples and found the preoxidized samples to be less oxida- 

tion resistant. 

for oxygen into the matrix. 

Hill found that preoxidation at 510' C and 630' C had no 

The preoxidation apparently provided an access route 

Berkowitz-Matluck et al., (1967) looked at some oxidation kinetics 

of a Hf-27$ Ta alloy and a Hf-X)$ Ta-2$ Mo alloy using a gas analysis 

technique, in which the rate of oxygen picked up by the sample was 

monitored. The results obtained from this method indicated oxidation 

was parabolic over intended time periods at temperatures. Conversion 

depths were mark-dly different from Marnoch's earlier work. 

at 10 minutes exposure, conversion depths were approximately twice 

those observed in the oxyacetylene-torch experiments. 

test temperatures of 2075' C a threefold difference existed. 

furnace tests disclosed an increase in the oxidation rate near 1725' C 

which is the temperature of the monoclinic/tetragonal transition in 

E O 2 .  

differences in the mechanism of oxygen transfer across the gas/Oxi.de 

and oxide/metal interfaces. 

ditions where the sample was at a higher temperature than the gas 

stream while the reverse was true in Marnoch's tests. 

At 1.815' C 

At a furnace 

The 

Berkowitz-Matluck attributes the different results to possible 

Her experiments were performed under con- 
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The low temperature oxidation behavior of t h e  a l loy  (below 

1370' C )  is characterized by the  formation of a glassy non-protective 

oxide f i l m  which spalls readily. 

ever, t h a t  oxygen penetration of t he  a l loy  matrix was minimal based on 

hardness change. 

non-protective nature of the  low temperature oxide layer. 

Mash et &. , (1968) reported, hew- 

Scale formation is r e l a t ive ly  rapid because of the 

X-Ray Diffraction 

Marnoch (195) conducted X-ray d i f f rac t ion  studies on the  oxide 

layers  of samples of d i f fe ren t  compositions heated a t  2200' C. 

results indicated tha t  w i t h  increasing tantalum content, there  was a 

corresponding increase i n  the amount of orthorhombic phase hafnia over 

monoclinic hafnia. Normally, the  standard high temperature modifica- 

t i on  (above 1700° C) i s  the tetragonal form but Marnoch found changes 

i n  the  (OKO) ref lect ions indicating a shorter crystallographic axis i n  

the b direct ion thus producing an orthorhombic SiTucture. A t  

20 Forcent tantalum, the surface oxide was composed of roughly equal 

amounts of the two phases. The percentage of monoclinic phase 

increased i n  the direct ion of the  reaction zone, re f lec t ing  the  

tantalum segregation which depleted the  amount of s tab i l iz ing  tantalum 

oxide availa5le t o  the  hafnium phase. 

The 

H i l l  and Rausch (1966) conducted a l imited X-ray d i f f rac t ion  on 

the s t ructures  developed i n  the various zones oxidized at 1925' C. 

possible complex oxide 6Rfo2 Ta2O5 was found i n  the outer scale of i n  

a Hf-25$ Ta alloy. 

interpreted the  scale as a mixture of monoclinic and tetragonal Hf02 

A 

In Hf'-20$ "a samples exposed f o r  10 minutes, they 
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with a dccizase i n  the  tetragonal Hf'02 in  t h e  direct ion of propagation 

of t he  subscale. In samples exposed f o r  30 minutes the  20 weight per- 

cent Ta sample exhibited a monoclinic X-ray pat tern which suggested 

that hafnium had diffused in to  the outer scale  o r  that tan ta la  was 

l o s t  from the outer oxide of t h e  alloy. Because of the  d i f f i c u l t y  

involved i n  the  analysis of X-ray pat terns  of mixed oxides, t h i s  indi-  

cated t h a t  what they ident i f ied  as the mixed tetragonal and monoclinic 

phases could be the complex oxide. 

Mash e t  al . ,  (1968) used X-ray d i f f rac t ion  to  ident i fy  t h e  alpha 

prime (a') phase which he formed by water quenchinq from 1450' C t o  

room temperature. 

a single phase hexagonal system with the  

a. = 3.192, 

a. = 3.1946 and co = 2.0510 with the  c/a r a t i o  of 1.3811 for 

liaf nium. 

Using one sample he ident i f ied  the s t ruc ture  t o  be 

c/a r a t i o  of 1.573 and 

co = 5.024. Pearson Handbook of l a t t i c e  spacings shows 

E las t i c i ty  Fundamentals 

Introduction. All materials change i n  shape, volume, o r  both when 

under the influence of an applied stress o r  temgerature chenge. 

deformation i s  cal led e l a s t i c  if the  stress- or  temperature-induced 

change i n  shape or  volume i s  completely recovered when the  material is 

allowed t o  re turn t o  i t s  or ig ina l  temperature or state of   tress. The 

elasticity of a body i s  a measure of i ts  resis tance t o  deformation. 

Elas t ic  deformation OCCUTB a8 a uniform increase or decrease i n  in te r -  

atomic distances. Thus, the interatomic forces and s t ruc tu ra l  anergy 

exert  a large influence on the  e l a s t i c  behavior of materials. Metals 

The 
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i n  general belong t o  t h e  large :lass of substances i n  which the  -Last.?\: 

behavior i s  determined by d i rec t  sepsration, compression, 0" shem of 

the atoms, unlike other classes such as rubber, i n  which behavior is 

determined by the resis tance t o  straightening out the l inks  i n  the  

chains uf atoms a r i s ing  from thermal vibrations. Insight i n t o  the  

fundamental behavior of a materid can be gained through study of its 

e l a s t i c  propeyties. 

design of s t ruc tura l  components. 

ca l  fundamentals used t o  describe the mechanical behavior of miterials 

is presented in  the following sections. 

k knowledge of t h i s  behavior is necessary f o r  the 

A background on some of the theoret i -  

Concept of Stress-Strain. - 
of a body t o  an externally agplied force Fer un i t  area. 

stress a t  a point i n  a plane of a body with non-uniformly dis t r ibuted 

forces over i ts  cross section, one can take an area A4 srrrrounding 

the  point and note tha t  a force A? ac t s  on the area. By reducing 

the  area continuously t o  zero, the l i i i t i q g  value or' the ratio 

AP/AA defines the  stress at  the point. 

Stress  is d.efined as the in te rna l  resistance 

Tc ob5ain tile 

The stress w i l l  be i n  the  direction of the resul tant  force P and 

normally inclined at an angle t o  hA. 

in to  two components, a normal stress o perpendicular t o  AA, and a 

shearing 6tre68, 7, lying i n  the plane of !.he &-?a. 

The t o t a l  stress can be resolved 
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The average linear strain can be defined as the ratio of the 

change in length to the original length of the same dimensions. 

where E: = average linear strain 

E = deformation 

By arialogy with the definition of stress at a point, the strain at a 

point is the ratio of the deform&tion to the gage length as the gage 

length approaches zero. 

Not only will the elastic deformation of a body result in a change 

in length of a linear element in the body, but it can also result in a 

change in the initial angle between any two lines in the body. 

angular change in a right angle is cal- ?d shear stm.in. This deviation 

caused by the application of a shear stress is given by 7 in radians. 

The 

When forces applied to a bo6y are sufficiently small, the linear 

relationship which exists betveen stress and strain with.'.n the elastic 

limit is given by Iiooke's l a w  which says that the average stress is 

proportional to the average strain, 

= E = Constant ( 3) E 

"he constant E is defined as the modulus of elasticity, or Young's 

moCtulus. Correspondingly, the shear mcdulus is defined as the ratio of 

the shear stress to the shear strain 

T - = G = Constant 
7 (4) 



24 

The term elastic mod1A.i refers to both of the above and in general is 

defined as the ratios of the applied stresses to the deformation 

resulting from these stresses. 

Poisson's ratio, p, is another elastic property of a material m2 

is given by the ratio of trsnsverse to axial strain. as the result of a 

uniaxial tensile or compressive stress. 

Knowing any two of the three constants E, G, and P, one may calculate 

the other by the relation 

E 
= 'm 

The preceding relationships apply for an isotropic, homogeneous body or 

a random polycrystalline aggregate whose individual grains are 

elestically anisotropic. 

The stress-strain behavior of a materid can be expres.sed dia- 

gratrnatically in a graphical plot of stress versus strain as given by a 

tyyical uniaxial tensile test as shown in Figure 6. The linear portion 

of the curve between points 1 and 2 is the elastic region in which 

Hooke's law is obeyed. Point 1 is the elastic limit, defined as the 

greatest stress that a metal can withstmi! vithout experiencing a 

permanent strain with removal of the luad. 

point 2, is the stress at which the stress-strain curve deviates from 

linearity. The slope cf the stress-strain curve within this region is 

the modulus of elasticity. 

The pmpurtional limit, 
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Figure 6. Typical stress-strain diagram for a ductile, elastic 
material 
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The limit of usable elastic behavior is described by point 3, the 

yield strength. 

mount of permanent deformation, generally about 0.2 percent of the 

gage length of a tensile specimen if the material does not have a 

definite, recognizable yield point which is evident in some materialn. 

The ultimate tmsile strength of the material is denoted as a- and 

It is defined as the stress which will produce a scrall 

.: . - 'xed as the maximum load divided by the original area of the 
specimen. 

Dynamic Elasticity Fundamentals. The elastic moduli relations which 

have been described in the preceding section can be defined in terms 

of classical vibration theory. 

this theory follows. 

A review of the general developmnt of 

hrd Rayleigh (1877) discusses the fundamental vibration theory of 

thin rods and beams in the classical book on the "Theory of Sound." 

The vibrations of a bar can be divided into three kinds -longitudinal, 

torsiow, and flexural (lateral, transverse). 

the effect of shape and elasticity on the resonant frequency of 

flexural vibration of a homogeneous, isotropic prismatic bar, making 

a simplifying approximation that the only contribution to the kinetic 

energy of the vibratingbar is the translation of its elements perpen- . 

dicular to its length in the plane of flexure. 

equation 

Raylei& investigated 

He obtained the 

2 4 2  48ll PL f E =  
m4t2 

(7) 



where E = Young's or elastic modulus 

P = density of material 

L = bar length 

f = flexural resonant frequency 

m = constant dependent on the mode of vibration of the bar 

t = bar thickness in the plane of flexure 

Rayleigh later modified this equation by a correction factor to 

correct for rotary inertia of the bar. 

Love (1944) modified the differential equation of motion from 

which equation (7) was obtained to consider lateral in.?rtia of the bar 

(inertia of motior, of contraction and expansion of the cross sections 

of the bar in proportion to Poisson's ratio, I.r, when longitudinally 

extended or compressed). Pickett (1945) gives this correction as zero 

for S a m  of square cross section and is negligible for bars of rectan- 

gular cross section. 

Timoshenko (1921, 1922) considered the influence of shearing 

forces exerted by the cross-sect5 :ial elements on one another and found 

that the shear correction was about four times the correction for 

rotary inertia. 

rotary inertia terms. 

equation and its solution by Goens (193). 

graphical representations for computing elastic constants f'rorn flexural 

and torsionai resonant frequencies of vibrations of prisms and 

cylinders . 

His equation of motion of the bar includes shear and 

Pickett (1945) studied Timoshenko' s differential 

He gives equations and 
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From one-dimensional theory, Goens (1931) derived the relation 

between Young's modulus E and the flexural resonance frequency, f, of 

a cylinder of density P, length 1, and diameter d, as 

2 4 2  64rr p2 fn 
E =  a4a2 

where fn = resonance frequency of the nth mode of vibration 

yI = solutions of the equation cos m cosh m = 1 

Timoshenko (1*37) added his shear and rotating inertia corrections, and 

Goens (1931) reduced the ecpation to 

64~t 2 4 2  fn 

Y14d2 
E =  Tn (9) 

where Tn is a function of d/z and Poisson's ratio, g. 

approaches one as d/z approaches zero, for all values of n and P. 

Pickett (1945) made numerical computations of T, and gave 

approximate equations for this computation. 

(195) gave more accurate values in his solution based upon the three- 

dimensional differential equation of elasticity. 

In another paper Pickett 

Tefft (1960) provided a simultaneous numerical solution of these 

equations. 

factors to be applied to the thin rod approximation for the fundamental 

flexural resonance and the first two overtones. 

an accurate means of calculating Young's modulus from the density, 

dimensions, and resonance frequencies of cylindrical rods having 

diameter-to-length ratios as high a3 0.6. 

The results are presented in tabular form of correction 

These results provide 
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Wachtman et al., (1960) pointed out that Pickett had not given the 

derivation and range of applicability of his interpolatioii formula. 

Spinrier et al., (1960) made a comparison of experimental and theoreti- 

c a l  relations between Young's modulus and the flexural and longitudinal 

resona..:e frequencies of uniform bars of both cylindrical and rectangu- 

lar cross section. Spinner aid Tefft (1s1) gave these relations and 

other discussions of' the dynamic technique in the Proceedings of the 

American Society for Testing and Materials. "his paper was utilized 

extensively in the evalr:stF_on of the elastic moduli of the hafnium-20% 

tantalum alloy whose data are presented in this dissertation. 

For cylinders, and utilizing the fundamental mode of flexural 

vibration, Young's nodulus can be calculated from the relation 

f F T n  
1.261886~ z4 

d2 
E =  

where P = density of the material 

1 = length of the specimen 

d = diameter of cylindrical specimen 

fl = fundamental resonant frequency 

Tn = correction factor based on specimen geometry and Poisson's 

ratio 

The numerical factor in this equation is aimensionless, therefore, 

any consistent system of units can be used. For the cgs system, 

densities iri gms/cc, lengths in em, and f. equencies in cycles per 

second give the motiuli Ir. dynes/crr:?. In the klish system, density 

in lbs/in 3 , lengths in inches, and frequencies in cycles per second 



30 
2 give moduli in lb/in-sec2. 

dividing the result by the acceleration of gravity, g, w.09 in/sec . 
Tables for the correction factor Tn, along with interpolation formulas 

are given iil this paper. 

This can be converted to lbs/in by 
2 

For prisms of rectangular cross section and usingthe fundamental 

mode 

where T is a correction 

T = 1 + 6.585(1 + 

4 2  
E = 0.94642 - PZ f 

t2 

factor given approximately by 

2 4 
0.0752~ + 0.81OW2)(i) - 0.868(?) 

4 
8.340(1 + 0.2023~ + 2.173p2)(4) 

The longitudinal resonances of cylindrical rods or bars of square 

or rectangular cross sections provide the most accurate method of cal- 

culating the moduli. 

modulus of a cylindrical specimen is: 

The equation for the computation of Young's 

where K, is the correction factor for the nth mode of longitudinal 

vibration and can be calculated in the case of diameter/wavelength 

(d/2) ratio << 1 by 

2 2 2 2  

82' 
Q " 1 -  n n p d  
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The torsional resonance is used to calculate the shear modulus, G. 

The theory behind this type of vibration is simpler and more accurate 

for cylindrical specimens, however, experimental procedures are easier 

for prismatic specimens. The basic equation for torsional resonance 

is: 
2 

G = p[%] R 

where R is a complicated function of the specimen geometry. For 

cylinders 

R = l  (16) 

E the cross-sectional correction factor is neglected in 

equation (14), then Poisson's ratio, P, can be computed directly from 

the fundamental frequencies by the relation 

2 
1 Long. 
fTors. 

.=-(' ) - 1  

For prisms of square cross section the shape factor R can be 

calculated very accurately from the relations derived by Tefft et al., 

(1961) as 

R =  %[. + n2(P)3(0.0l746 + 0.00148n + 

where n = 1, 2, 3, etc. (for fundamental, 1st overtone, etc.) 

Ro = shape factor for infinitely thin, square specimens = 1.18559 

For prisms of rectangular cross section, the theory becomes more 

complicated. Timoshenko (1-951) solved the equations to give 



1 + ( $  
Ro = 

4 - 2.521 $(l - F) 
e * b a + l  

where a aid b = cross-sectional dimensions. 

For a << b Pfckett (1945) gives 

1 +(n)' 
R, 
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( 19) 

- 4 -. 2.521 a 

Spinner and Valore (1958) found that empirically for 

and 1 5 5 10, the value of R differed from Pickett's equation. 

Tefft (1961) indicates that a better relation which is a combination of 

Davies' (19%) solution and Spinner's empirical results is given for the 

shape factor by: 

0.21 i 

a 

3/2 2 - 0.060(+) (k - 1) . . . 
"he accuracy for the equations presented here varies to within 

0.01 percent in the case of equation (18) to about 0.2 percent for 

equation (21) (depending on b/2 and b/a ratios). In extreme cases, 

the errors involved in most 0," these equations do not exceed 1 percent. 
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In te rna l  F r i c t ion  Review 

The a b i l i t y  o r  capacity of a vibrat ing solid t o  convert i t s  

mechanical energy of vibrat ion i n t o  heat, even when it i s  i so la ted  so 

w e l l  from i t s  surroundings tha t  energy losses  t o  i t s  surroundings are 

negligible,  i s  ca l led  " in te rna l  f r i c t ion .  'I The most comon manifesta- 

t i on  of i n t e rna l  f r i c t i o n  i s  the  damping, o r  loss of vibrat ion ampli- 

tude of a freely vibrat ing body. 

t o  the  e a r l i e s t  cymbals and bells. In modern times there has been 

widespread i n t e r e s t  i n  damping f o r  engineering appl icat ions and i s  

commonly reported i n  terms of a quant i ty  ca l led  "damping capacity. I' 

Depending on t h e  pa r t i cu la r  application, one may wish t o  obtain e i t Q e r  

a very high or a very low rate of damping. 

reduce t h e  amplitude of vibrat ions and reduce stresses, thereby 

lengthening the  fatigue l i f e  of parts i n  service. H i g h  temperature 

damping charac te r i s t ics  are of spec ia l  i n t e r e s t  i n  leading edge and 

hypersonic engir,e applications.  

12terest i n  t h i s  eubject extends back 

High damping materials w i l l  

Another area of wide i n t e r e s t  has been i n  the use of in t e rna l  

f r i c t i o n  as a t o o l  t o  stil.dy in t e rna l  s t ruc tu re  and atomic movements i n  

the  s o l i d  sta-Ge. 

as diffusion, ordering, s o l u b i l i t i e s  of i n t e r s t i t i a l  elements, inter- 

g r a n d a r  corrosion, and estimation of t h e  densi ty  of dislocations.  

The method has pro7;ided i n f o m t i o n  on such processes 

In te rna l  f r i c t i o n  o r  damping e f f e c t s  correspond to  a phase l a g  

between the  applied s t r e s s  and the  r e su l t i ng  s t ra in .  A perfec t ly  

e l a s t i c  material  w i l l  not produce damping since, under v ibra t ing  con- 

di t ions,  s t r e s s  and s t r a i n  axe always i n  phase, and consequently no 

mechanical hysteresis  or l o s s  of v ibra t iona l  energy can take place. 
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Damping is ,  therefore,  a r e s u l t  of the non-elastic behavior of 

mtei ia l s .  The f a c t  t h a t  it can he dete2ted a t  stress l eve l s  far 

below those a t  which p l a s t i c  flow occurs indicates  t h a t  there  i s  r e a l l y  

no such thing as an " e l a s t i c  range." This f a c t  has openea an ircportant 

divis ion of t h e  f i e l d  of non-elart ic behavior k?mn as anelas t ic i ty .  

Much of our present knowledge of t h i s  area,  which is  concerned 

w i t h  i n t e rna l  f r i c t i o n  e f f e c t s  independent of the  am-plitude of vibra- 

t ion ,  i s  due t o  Clearence Zener and h i s  co-workers (1948). 

There are several  measures used t o  describe damping, as tndicated 

by Kolsky (1953). In s t ruc tu ra l  works one ofc?n uses the r a t i o  

AW 
W 
- 

where AW 

one s t r e s s  cycle and W i s  t h e  elastic energy s tored within the  speci- 

men a t  maximum s t ra in .  

capacity" or "snec i f ic  loss." 

f r e e l y  vibri.+ing system i s  another measure of in t e rna l  f r i c t ion .  This 

can ke expressed i n  terms t h e  "logarithmic decrement" which is  defined 

as t h e  na tura l  logarithm of the  r a t i o  of successive amplitudes. 

i s  t h e  energy diss ipated i n  t h e  specir?n i n  passix6 through 

This r a t i o  i s  knoT4- as the  "specif ic  damping 

Measure of t he  decay i n  amplitude of a 

An log  dec.  = In -- 
%+I 

Another measure of i n t e r n a l  f z j c t i o n  i R  given by t he  r e l a t i v e  

sharpness of t h e  resonance peak i n  a sample unde-going a forccvd con- 

s t an t  vibration. 

versuF frequency of vibration, a maximum i n  amplitude w i l l  occur ab its 

If the  sample's vlkra%icm a;npJ.itude is  p io t t ed  
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,onant frequency, fr. The sharp.iess cf resonance is readi ly  deter- 

aLned by measuring t..- width of t h e  frtc,uency curve a t  half lllaximum 

amplitude, and dividing by the resonant frequency. Thus 

Af f2 - fl 
fr fr 
- =  (24) 

is a measure of internal  frequency where f2, fly and f r  are indi- 

cated i n  Figure 7. 

Frequency 

Figure 7. mica resonance frequency curve for spechen 
undergoing constant forced vibration 

The various measures of w i n g  o r  internal  f r i c t ion  eme all 

simply related; which term t o  use is  a matter of convenience. The most 

ccmon measure used today is a quantity 6-l derived from analogy with 

e l ec t r i ca l  theory and is defined a8 



Kolsky (19535) has shown the relationship of the "log decrement" 

and the "specific loss" to be 

An 2 (log decrement) t 22n - AM - =  
W An+l 

Zener (1948) has shown that the sharpness of resonance is related 

to the "specific loss" by the relation 

h f d 3  - = - (specific loss) - 
fr 2% 

Quations (25), (26), and (27) can be combined to show that 

(28) 
Q'l = I - (Zn dec.) = - 1 (specific loss) 

x 2x 

In a freely vibrating system, the time elapsed during several 

vibrations and the relative amplitudes of the first and last vibrations 

in this series is a useful measure at high frequencies and low internal 

friction. The relationship 

applies, where A, 

A t  

and f is the frequency of the vibration. 

is the amplitude of the first vibrstion considered, 

is the amplitude of a vitration occurring after en elapsed time, t, 

For large internal friction values, the peak width mcthob is 

generally used to determine 

is preferred. 

Q'l, while for low values the decay method 
I 
i 
i 

i 
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Having generally discussed i n t e r n a l  f r i c t ion  and the various 

measures i n  which it is descrihed, it is appropriate t o  discuss several  

of t h e  i n t e r n a l  tw 2hanisms by which it manifests itself. 

inentally, it has been found that  fo r  many curves of i n t e r n a l  f r i c t ion  

as a function of temperature or  of frequency of vibration, the re  ex i s t  

peaks i n  t he  measured va lue  of in te rna l  f r ic t ion.  

retical models which have been established t o  describe the  phenomena 

occurring within the  sol id  state. These anelast ic  e f fec ts  have been 

at t r ibuted mainly t o  thernral effects,  point and l i n e  defects, and grain 

boundaries. 

Experi- 

There are many theo- 

An excellent discussion and bibliography have been provided by 

Marlowe and Wilder ’1964). Some of these mechanisms are discussed 

br ie f ly  i n  t h e  iol’wing sections. 

consult Niblett and Wilks (1960) and Norwick (193)  and POSlinkGV 

For more detai led reviews ore m y  

e t  - al (1967). 

Internal F r i c t i o n  Resultin# from Thermal Effects. 

material is suddenly subjected t o  a stress the resul t ing s t r a in  is 

generally accompanied by a change in temperature. For homogeneous 

stress throughout a specimen, the  temperature change occurs equally at 

every p o i n t ,  but if the stress is non-homogeneous, temperature gradients 

are set up i n  t h e  material. 

accompanied by a n  increase of entropy and a dissipation of energy which 

gives rise t o  infernal f r ic t ion .  For a rod or bar type specimen under- 

going flexural vibration, i n  each half cycle, t h e  convex s ide is  

swetched and, theTefore, cooled, while the concave side is compressed 

If an element of 

As a resul t ,  there i s  a flow of hea t  
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and, therefore, heated. This causes a periodic flow of heat back and 

forth across the sample. 

cient time for appreciable heat flow to take place during a cycle, 

therefore, the process is essentially adiabatic and no damping occurs. 

At low frequencies, the specimen remains in thermal equilibrium. The 

process is isothencal and no damping occurs. 

quencies, when the frequency is such that the period of vibration is 

comparable with the time required for heat to flow across the sample, 

there is an irreversible conversion of mechanical energy into heat. 

At very high frequencies there is insuffi- 

At intermediate fre- 

Zener (1937) has derived relationships for the internal friction 

of rods and bars and his theory has been verified by several investi- 

gators. For an ordinary thickness specimen, the internal friction peak 

would occur somewhere in the region 1 to 100 cps (Meter, 1961). 

Thermoelastic damping is sp3ell for tars in longitudinal vibration. 

frequency region where the peak would occur would be of the order of 

lolo to lon cps, which is beyond the range of no& observations. 

The 

Torsional vibrations produce shearing stresses which are not 

accompanied by a change in temperature. Consequently, specimens in 

torsional vibration have very little thermoelastic damping. 

For a polycrystalline roaterial, another energy absorption mecba- 

nism can occur. 

orientations with respect to the strain during flexure thus producing 

different stresses. 

to grain within the sample. 

grain boundaries, giving rise to an internal friction whose magnitude 

aiid characteristic frequency I s  grain size dependent. 

Neighboring grains within the sample have different 

This causes a variatim .3f temperature from grain 

Hence, thermal currents flow across the 
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Internal Friction Resulting from Point Defects. 

reviewed internal friction caused by point defects, their combinations, 

and their interactions. He indicates that internal friction can be 

expected whenever introduction of the point defect produces distortions 

which have a lower symmetry than the lattice. 

Berry (1961) has 

The presence of dissolved interstitial atoms in metals with a 

body-centered cubic lattice often gives rise to a characteristic 

relaxation peak. 

randomly distributed, but an application of a tensile stress, the 

eaergy of an interstitial atom will be less in certain sites because 

of the distortion produced by the applied stress. Hence, the stress 

produces a redistribution of the interstitia atoms so that some sites 

are occupied preferentially. 

to an internal friction peak first explained by Snoek (1941). 

effect is noticed under oscillating stresses as imposed by an internal 

friction apparatus as the interstitial a t m  are in continuous motion, 

either tending tcward or tending away from a preferred orientation. 

In an unstressed crystal the interstitial atoms are 

This process of redistribution gives rise 

The same 

Stress induced ordering also arises in substitutional solutions, 

such as brass, because the substitution of one type of atom for another 

leaves the lattice with the same cubic symnetry. 

solute atoms in nearest neighbor positions will produce distortion 

along the axis joining them, so that an applied stress will induce a 

preferential orientetion of pairs of solute atoms as described by 

Zener (1947). 

However, a pair of 
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Wachtman (1963) has combined dielectric loss measurements and 

internal friction measurements in a study of preferential orientation 

of vacancy-impurity atom pairs in tr l-.ium oxide under the influence of 

electrical and mechanical stresses. 

Internal Friction Resulting from Dislocations. 

first to recognize the contribution of the motion of dislocations to 

the internal friction of materials. 

tin, lead and zinc, he found that the log decrement of an unannealed 

single crystal could be as large as that of the polycrystalline 

material, that annealing reduced the decrement, and that both Young's 

modulus and the decrement varied with the vibration strain amplicude at 

6 strain amplitudes as low as 10' . 
involved was a propagated dislocation with the observed internal fric- 

..ion being attributed to the atomic jumps and local slip of the order 

of one atomic distance. 

Read (1940) was the 

In a study of crystalline copper, 

He suggested that the mechanism 

Dislocation damping is often the principal source of damping in 

Petds. 

for dislocation contribution to inte nal friction. Niblett and Wilks 

(1960) dr' scuss these models in detail. 

vide a short review of several of the most hportant models which are 

discussea below. 

There are various models which have been proposed that account 

Marlowe and Wilder (1964) pro- 

Koehler (1950) suggested that observed damping in metals ma 

caused by dislocations pinned by impurity atoms at various positions 

a:!nrlq its length and oscillating back and forth like a stretchect string 

m-dsrgoing damped vibrations. 
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Granato and Lucke (1956, 1956) expanded Koehler's model to more 

adequately account for the dependence of internal friction on strain 

amplitude. 

of the dislocation network and by inpurity atoms. 

for two types of damping. 

strain amplitude-independent loss caused by vibration of the disloca- 

tion line between impurity atoms as in Koehler's model. 

results in a constant internal friction at low strain amplitudes. 

They suggest that the dislocations are pinned by the "nodes" 

This model accounts 

The first type is a frequency dependent, 

This loss 

The other loss  is frequency independent but strongly strain ampli- 

tude dependent. 

large enough to cause dislocation to break away from its impurity 

pinning points resulting ill a large increase in the dislocation strain 

for no increase in applied stress. 

location loop does not follow the same path back to its original posi- 

tion so that a hysteresis loss is generated. 

ciently large, the dislocation continues to bow about its node0 

eventually creating a new dislocation loop in the m e r  of the Frank- 

Read Source. 

tion lines vary giving rise to a distribution of loop lengths resulting 

in a smooth increase of internal friction with strain amplitude. 

Larger concentrations of impurity atoms shorten the loop lengths, 

lowering the stress required to bow the dislocation line, hence, 

ii ,-easing the internal friction. 

This damping occurs when the applied stresses are 

Upon reversal of stress, the dis- 

If the stress is suffi- 

The distances between impurity atoms along the disloca- 

Lucke and Granato (1956) reviewed this model and checked the 

agreement with experimental data. 
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The only relaxation process which gives an internal friction peak 

that is definitely ascribable to dislocations is the Bordoni peak 

found in FCC metals at very low temperatures in the region of 30' to 

100' K (Dieter, 1%1). 

due to some intrinsic property o ,islocations and is not involved with 

the interaction of dislocations with impurity atoms and other disloca- 

tions. 

energy interpreted as the thermal energy required for the dislocations 

to overcome the energy barriers imposed by Peierls forces (those 

periodic forces exerted by the crystal lattice on the dislocation) 

(Bomel, 1956). These forces originate from the fact that a disloca- 

tion possesses some preference for certain special positions in the 

crystal lattice where it causes the least energetic disturbance to the 

surrounding atoms. 

There are indications that the Bordoni peak is 

These peaks have been found to have a characteristic activation 

The Bordoni peak has been extensively investigated in poly- 

crystalline and single crystal copper specimens. 

peak, and the temperature at which it occws are almost independent of 

the amplitude of vibration. This phenomenon is not generally observed 

in fully annealed specimens. 

The height of the 

Internal Friction Resulting from Grain Boundaries. 

of internal friction in metals is stress relaxation along grain bound- 

aries. Ke (1947) first demonstrated the strong internal friction peak 

due to grain-boundary relaxation by experiments on high purity aluminum 

wires. A t  the low torsional strains used in this work he strain was 

completely recoverable, and all internal friction effects were 

An important source 
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independent of amplitude. 

occurred near WOOo C ,  while no internal friction peak occun?ed in 

single crystal aluminum. Measurements of the elastic modulus showed a 

sharp drop for the polycrystalline specimen beginning at the omet of 

the internal friction peak. "he single crystal specimen continued its 

linear decrease in modulus. Ke was able to discount all other sources 

of internal Triction and proposed that the mechanism producing the 

internal damping was that of grain boundaries behaving in a viscous 

rna.iner at elevated temperatures. 

In polycrystalline aluminum a broad peak 

A controversy has existed since the early 1gOO's over the exist- 

ence of amorphous grain boundaries. Jeffries and Archer (1924) indi- 

cated that the grain boundary metal possessed mechanical properties 

1.ike those of a vitreous amorphous substance. 

the need for existence of a truly amorphous material at the grain 

boundaries when he said that it was only necessary to assume the 

resistance to slipping of one grain over an adjacent grain obeys the 

laws commonly associated with amorphous materials rather than the laws 

associated with crystalline materials. Since the surfs2e atoms of one 

grain cannot fit into the lattice positions of an adjacent grain, the 

binding across the interface of two grains may reasonably ?e expected 

to have characterlstics associated with amorphous materials. 

Zener (1948) eliminated 

The effect of viscous grain boundaries on internal friction of 

nraterials is explained by the fact that viscous flow is always accom- 

panied by the dissipation of mchanical energy. 

at each grain I s  given by 

The energy diffsipated 
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(30 )  Ibergy dissipated - (relative displacement) X (shear stress) 

The deformation of a viscous material obeys the relationship 

Shear stress = 7 X shear strain rate (31) 

where 

the following manner: 

'1 = coefficient of viscosity which varies with temperature in 

where H = activation energy, R = gas constant, and T = absolute 

temperature. Thus an increase in temperature decreases the viscosity 

and it is, therefore, expected that the resistance to slipping across 

the grain boundaries will be lowered with respect to the resistance to 

deformation within the interior of the grains. 

Consider the right side of equation (30).  At low temperatures the 

lrelative displacement of neighboring grains is small because of the 

phi& viscosity of the grain boundary. 

stress resisting motion becomes very sr 'lbecause of the low viscosity 

of the grain boundary. Only at tempel. ures intermediate to these 

extremes where the product of relative displacement and shear stress 

across the grain boundaries does not become very small is there any 

appreciable contribution to internal friction. 

At high temperstures the shear 

In follow-on studies Ke (1947, 1948) continued to provide evidence 

that grain boundary relaxation was responsible for the high internal 

friction peaks in polycrystalline nurterlals. 

tude of the internal friction peak was independent of grain size 

He showed that the magni- 
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provided the grain size was smll with respect to the sample size; 

however, an increase in grain size iiould shift the position of the 

peak to higher temperatures. Ke d s o  showed that an irxrease in fre- 

quency of vibration had the same effect as an increase in grain size, 

both being the result of a higher temperature required for the same 

degree of relaxation. 

Other Sources of Internal Friction. 

has been made to discuss some of the major sources of internal friction. 

Other sources such as the movement of twin boundaries, magnetoelastic 

phenomena, and phase transformations contribute to the internal fric- 

tion observed in metals. 

tributions. 

alloy phase transformtion has been shown to increase the damping 

(Polotskii, 1967). 

tion and growth, internal friction effects have been ncted. Tne 

lattice is relatively unstab3.e near the transformation temperature, 

and an increase in internal frictio:: car, Se expected and has been 

demonstrated in transformations c.ccurrin2 in the Ag-Zn alloys (Kbter, 

1940) and ferronickels (Scheil, 1944). 

I5 this brief review an attempt 

Norwick (1953) disc-sses some of these con- 

Precipitation of a second phase in a copper-beryllium 

For a transformation that does not occur by nuclea- 

Internal FYiction Measurements 

The me'b3ds of measurement of internal friction fall into three 

main groups: 

1. Torsional pendulum method 

2. Ultrasonic pulse method 

3. Resonant bar method 
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It i s  t o  be noted t h a t  each method i s  usually only sui table  fo r  

making measurements over a comraratively small range of frequencies 

and t h i s  considerably r e s t r i c t s  the  amount of information which can be 

obtained from a given specimen. 

A brief  out l ine of t h e  ch!4 r’eatur :6 and var ie t ions of each 

method i s  given kelow. 

Torsional Pendulum MeLhod. The e a r l i e s t  measurements of in te rna l  f r i c -  

t ion  were made by mtdns of 

t h i s  method i n  detail. Basically, the  s2ecf.men is i n  the form of a 

wire o r  t h i n  rod, held i n  a pin-vice or la the  clench-typt holder, t o  

which an ine r t i a  member is a t tache l  t o  give a period of osc i l la t ion  of 

the order of a second. Part of the i n e r t i a  meniber may be made from 

ferromagnetic material, and the  vibrations excited e l e c t r c m ~ e t l c a l l y .  

The in te rna l  f r i c t i o n  is usually measured by the damping of free vibra- 

t ions,  successive amplitudes belng observed by a mirror, lamp arid 

scale, or some automatic arrangement. Various modifications of +,:;is 

method have been used. Unless cwe is taken, t he  tors iona l  pendulum is 

unsuitable i’or measur?-ng spec!mem with very low in te rna l  friction, 

since the background damping of t.he apparatus can be of the order 

of It i s  also d i f f i c u l t  t o  make measurements a t  low s t r a i n  

amplitiiOes, the r t r a in  u81:all.y v z y i n g  from zero a t  the cylinder ax is  

t o  about 10-5 at  the  surfact.. 

torsior:sl pendulum. Ke (1947) describes 

Ultytssonic -- Pulse Method. - 
cycls frequencieB by +.he vltraaonic pulse method. 4 shcrt u lxason ic  

pulse i 5  introduced in to  one end of the specimen I J  a piezoelz?tr ic  

3 t e r n a l  f r i c t ion  may bs measured a t  me-- 
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crystal ,  and the attenuation i n  the specimen is  meas~~~e4 by abserving 

the amplitude of the  pulse transmitted through it t o  a second crystal ,  

o r  ref lected back t o  the  transmitting crystal. 

Roderick and "rue11 (1952) explain th i s  method i n  de ta i l ,  and 

obtained attenuation measurements over a frequency range of 

5650 Mc/secs. They describe two methods of measuring the attenuation. 

In the first method, a quartz c rys ta l  i s  mounted d i r ec t ly  on one face 

of the specimen, and t h e  pulse is  ref lected from the  opposite face: 

1 wlrrb.; *,I, 4 nl- 

are such tha t  ref lect ions from the sides do not interfer, with the  main 

echoes. 

water between the  transducer and the specimen. 

it possible t o  measure t h e  ref lect ion loss at the  surface of the speci- 

men, which cannot be done when the  transmitter is cemented d i r ec t ly  t o  

the specimen. 

The s t r a in  amplitudes used i n  this method are usually too small t o  

i c  z.c~~x~sf;sl;v pa ra l l e l  t o  the fi;.st. The specimer dimensions 

In the second method, the  pulse is  passed through a layer  of 

This arrangement d e s  

be used i n  measuring amplitude-dependent effects.  

proved useful f o r  measuring the frequency dependency over a wide range 

of values . 

It has, however, 

Resonant B a r  Method. 

f r i c t ion  has been t o  exci te  a rod or bar  specimen i . m e  of its normal 

modes of vibration, without using an auxiliary ine r t i a  member. 

frequency i s  dependent on the specimen dimensions. Th5.s method is  the  

one used f o r  measurements of internal  f r i c t i o n  reported i n  t h i s  paper. 

The most frequent method used to measure internal  

The 

A d e t a i l  description i s  provided under -;he experimentu discussion. 



Various e l e c t r i c a l  and magnetic methods have been employed t o  

Some have required attaching magnetic pole excite the vibrations. 

pieces t o  the specimen, w i t h  exci ta t ion provided by means of an alter- 

nating magnetic f i e l d  i n  a c o i l  connected t o  an osci l la tor .  

(1937) introduced a method of exci t ing and detecting the vibrations 

through the support system. 

e l ec t r i c  l i n e  which transmits the vibrations t o  the specimen by means 

of i ts  supporting wires, thus eliminating the  necessity f o r  attaching 

pole-pieces. 

Fzrs ter  

This methai requires a magnetic or piezo- 

The resonant bar method may be used f o r  specimens of h&li GT fi;; 

damplng by using either forced or  free vibrations. 

i n  the method of supporting the specimens at the vibrat ional  nodes, but 

the background losses due t o  the  supports may usually be made re la t ive ly  

unimportant. 

amplitudes, w i t h  s t ra ins  @eater than 10-3 having been obtained by 

Mason (1956) using a barium t i t a n a t e  transducer coupled t o  an expo- 

nent ia l  horn. 

a t  which the  incernal f r i c t i o n  may be measured are normally limited t o  

the fundmental resonant frequency o r  one or two harmonics. 

Care must be taken 

This method may be used over a w i d e  range of s t r a in  

A disadvantage of t h i s  method is that the  frequencies 
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The material used i n  t h i s  inves-iigation was a hafnium-208 tantalum 

a l loy  whose precise c h c m i c l  cszp?itic?r- is given i n  Table 1. 

al loj  w a s  y rduced  under special  order by the  W a h  Chang Albany Corpora- 

tion. 

as the  base metal. To t h i s  bar, a 0.125-inch-thick, 1-inch-wid2 

tantalum (see Table 3) s t r i p  w a s  fusion welded i n  i n e r t  gas along i ts  

length t o  form an electrode of 2-inch diameter and weighing 50 pounds. 

To consolidate the  two metals, the electrode was double vacuum AC a rc  

u d L d  t o  TOi-iii & k-iidi-GiarueLer ingot. 

t o  a 3.375-inch diameter with a weight of 24 pounds. 

the  ingot was f i t t e d  i n  a molybdenum can of 4-inch octside diameter f o r  

protection against  oxidation, induction heated t o  1425' C, and extruded 

through a 2-inch-diameter die. Eight bil lets 1.475 inches i n  diameter 

X 2.5 inches long were obtained. 

heated i n  argon t o  1200' C and ex'xxded by a "Dynapac" process through 

a 0.5-inch-diameter die. 

18 inches long, were machined t o  a fiiial 0.44 diatneter by centerless 

grinding. Wah Chang pickled the iods i n  a concentrated s c i d  bath t o  

determine if the molybdenum had byen removed. 

aiiditional rods were dropped in to  the  acid bath and were reduced t o  e. 

0.125-inch diameter. From the  or ig ina l  50-pound electrode, the y ie ld  

was 5.3 pow.3~ exclusive of the smll  diameter rods. 

the hafnium-tantalum material, one 4-inch rod of hafnium was received. 

Chemical analysis of t h i s  rod i e  indicated by Table 2. 

The 

A 1.75-inch-diameter hafnium c rys t a l  bar  (see Table 2) w a s  used 

- 
The ingot was then machined 

After machining, 

These bil lets were glass  coated, 

Four rcds of the hafnium-208 alloy, each 

During t h i s  process four 

In  addition t o  



Table 1. Hafnium-tatalum f i n a l  ingot analysis 

Center 

Balance 

Al 
B 
C 
Cb 
cu 
Fe 
H 
Mo 
N 
0 
S i  
T i  
w 
Z r  

43 
<0.2 
< 30 
< 100 
< 40 
115 
1-3 
50 
9 

130 
<40 
100 
24 

2.84% 

39 
<0.2 
< 30 
<lo0 
< 40 

140 

50 

<40 
93- 
25 

2.84% 

4 1  
<0.2 
< 30 
< 100 
< 40 

100 
3.8 

50 
I2 

100 
< 40 
100 
31 

2.88 



Table 2. Hafhium crysta3. bar snalysis 

I All values in ppm unless otherwise noted 
Al 
B 
C 
Cd 
co 
Cr 
cu 
Fe 
H 
H f  
1% 
I b  
Mo 

< 58 
< 0.5 
< 10 

< 2.5 
< 5  

< 29 
< 25 

< 100 
26 

< 10 
< 10 
< 5  

97. o$ 

N 
Ni 
0 
Pb 
Si 
3 1  

Ti 
V 
W 
Zr 
Nb 
Ta 

< 10 
< 25 
< 50 
< 10 
< 20 
< 15 
< 39 
< 10 
< 20 
3.05 

< 35 
< loo 

Table 3. Tantalum analysis 

A l l  values in ppm I 
C 
0 
H 
N 
Zr 
Cb 
Fe 
Ni 
cu 

Al 
B 
Cb 
co 
Mo 
Si 
Ti 
v 
W 

~~ 

< 20 
< 1  
< 1  
< 5  

< 10 
< 10 
< 10 
< 10 

75 
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An electron microprobe analysis was carried out on a typical rod 

cross section to verify tile manufactwer's chemical analysis. 

intensity scan for both t k  hafnium and the tantalm across thi rod 

section indicated a homogeneous structure with concentrations agreeing 

with the Wah Chang analysis. 

An X-ray 

Density measurements were performed on the as received alloy in 

accordance with ASTM st%.?dard B3ll-58 in which the specimen is weighed 

in air, using an analy2,oal balance, and then suspended by a fine wire. 

The specimen and wire are weighed in a beaker of water. 

itself is immersed into the water to the same level as before and the 

derisity is calculated by the equation 

The wire by 

AXE 
A - B + C  D =  

where D = density of specimen in gmitis per cubic ceritimeter 

A = weight of specimen in air in grams 

B = weight of specimen and wire in water 

E = density of water in grams per cubic centimeter 

C = weight in grams of wire immersed fn water 

The density obtained by this method was 13.48 gms/cm3 (0.487 lb/in3) 

vhich was verified by weighing the longer rod specimens and measuring 

precisely their dimensions with precision micrometers. 

unit volume was readily calculated and served as a check on the 

measured densities. 

The weight per 
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EQUIPMENT AND ExpER7MENTAL PROCEDURE 

Dynamic Elasticity and Internal Friction Measurements 

The measurement of the elastic properties and internal friction of 

the hafnium-20g tantalum alloy were conducted on three different equip- 

ment setups, each having different capa5ilities, but all utilizing the 

same basic principles. 

was followed. 

cedure followed in making these measurements are described in the 

following paragraphs. 

The resonant bar method previously mentioned 

A description of each setup and the experimental pro- 

Four- and five-inch long cylindrical specimecs were cut from the 

hafnium-tantalum rods. 

measured to 0.001 inch using a standard bench micrometer and caliper. 

Weight of each specimen was determined by an analytical balance. The 

rods had been previously machined by Wah Chang Albany to a diameter 

of 2 0.44 inch and were concentric to within 0.001 inch along their 

length. 

Diameter and length of each specimen were 

The Magmflux Corporation Model SR-200 Elastomt shown in Figure 8 

was used for measurement of the elastic properties and internal fric- 

tion of the hafnium-tantalum alloy from room temperature to 1003' C in 

an air or oxidizing atmosphere. 

system is shown in Figure 9. The specimen, either rod or rectangular 

b v  shape, is suspended in the furnace by a fine wire (0.008-inch- 

diameter, platinum-rhodium thermocouple). The wire is looped around 

the specimen at the precise nodal points (located at a distance from 

A block diagram schematic of this 
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the end of 0.224 X length of bar) and attached t o  the metal she l l  i n  the 

furnace. 

indicated by Figure 10. 

Rectangular specimens can be res ted  on the  f i n e  1:d-e as 

Excitation of the specimen i s  accomplished through the use of a 

Rochelle S a l t  piezoelectr ic  transducer which converts t he  e l e c t r i c a l  

drive s ignal  t o  a mechanical vibrabion. 

from the driving transducer t o  the specimen by means of a f i n e  high 

temperature semi-flexible wire (0.010 m i l  tungsten-26% rhenium) which 

i s  bonded i n  a small indention i n  the end of t he  specimen. 

temperature A1203 adhesive, Ceramabond 502, was used t o  prevent 

loosening of t h i s  w i r e  a t  high temperatures. 

the cross section of the rod at a locat ion halfway between i ts  center- 

l i n e  and edge. 

The vibration i s  t-ransmitted 

A high 

The wire is  attached t o  

An ident ical  receiving or pickup transducer i s  bonded t o  the  

opposite end of the specimen t o  convert the  specimen vibration back .Go 

an e l e c t r i c a l  s ignal  which i s  analyzed by a frequency counter. 

ments are made i n  the  wire coupling t o  obtain & signal  free of 

extraneozs vibration. Best results are obtained with the wires 

s l igh t ly  boxed. 

and specimen, exci ta t ion of a l l  three modes of vibration, transverse, 

tors ional  ani1 longitudinal, and t h e i r  respective harmoiiks are possible. 

Adjust- 

by vi r tue  of the d i r ec t  coupling of the transducer 

Using +;he variable frequency osc i l la tor ,  the frequency of the 

driving transducer may be regulated from 690 cycles/sec t o  50,000 

cycles/sec. The e l e c t r i c a l  s ignal  from the driving transducer i s  

impressed on t h e  horizontal  p l a t e s  of the oscilloscope and the  plckup 

signal cn the  ve r t i ca l  plates.  As t he  frequency of vibration is  varied 





and appraaches t h e  2hanical resonance frequency of the specimen, the  

amplitude of vibration increases rapldiy. The increesed amplitude is 

detected by the fo rmt ion  of a Lissalous figure (one of e l l i p t i c a l  

shape) on the oscilloscope screen and a l so  by a bui l t - in  ampliiude 

meter. The osc i l la tor  frequemy se t t i ng  a t  which the  Lissajous pcsttern 

has i t s  maximm, and as indicsted by the m o - i m  dcflcctior, of t he  

amplitude meter, denotes a resonance frequency of the specimen. The 

frequency is analyzed by the Eewlett-Packa_rd mdel 5512 A electronic 

frequency counter, end visus l ly  displayed t o  an accuracy of 0.01 

cycle/sec when allowed. a 10-second measurement period. 

Free darqing o r  in te rna l  f r i c t ion  measurements were made OIZ t he  

Elastorat by adjusting the  am9litude of the resonance frequency so that 

the deflection on tile a q l i t u d e  meter is larger  than 9 divisions. 

e lec t r ica l  signal t o  the driving transducer is  interrupted by t h e  

damping switch. 

The 

The vibration of the specimens decays exponentially 

and the number of cycles for  the specimen amplitude t o  decay t o  

36.6 percent or  l / e  gf its -ra,lue are counted on the frequency counter. 

The reciprocal of t h i s  number represexts t he  logarithmic decrement. 

Based on resonant frequency data f o r  a 0.22-fnch-dianeter, 6-inch- 

long pure hafnium rod as provided by Wash3urn (1966) , an approxinrrte 

transverse resonant freqtlency 01’ a 0. 444-inch-diameterY 4-inch rod of 

as received, hdnium-208 was estilnated t o  be 2460 cycles/sec. 

was based on the fact that the frequency of the  tm rods could be 

This 

re la ted by 

Dia.  
kngth2  

Po-, Q. ( 34) 
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'This f igure provided a working base around which the scan of t h e  

frequency spectrum could begin. 

Using the variable frequency osc i l la tor  the frequency spectrum 

was scanned slowly Setween 130 and 5700 cycles/sec. 

at  which Lissajous figures appear on the screen were recorded. One of 

the most d i f f i c u l t  tasks was eliminating the  many f i c t i t i o u s  Lissajous 

that appeared i n  the spectrum and defining the t rue  resonant fre- 

qwncies of the specimen. &- the  first samTle 2. strong resonlrxe 

appezred at  T(O0 cycles/sec. In a similar m e r  and using the 

relationship 

A l l  frequencies 

t h e  longitudinal frequency of both the 4- and 5-inch-long specimen was 

ident i f ied as being 14,409 and 11,430 cycles/sec, respectively. These 

two frequencies vhen used i n  equation (13) f o r  e l a s t i c  nc&d.us based on 

longitudinal vibra%ion gave a similar value of the e l a s t i c  modulus 

based on transverse vibration as provided by equation (10). Having 

identified both the trsileverse and longitudinal. resonant frequencies 

an  approximation of the tors ional  resonant frequency was made based on 

equation (17) which defines Poisson's r a t i o  by 

ll = $ ( . T  - 1 
or rearranged 
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Assuming that  could be between a r e a l i s t i c  value of 0.2 and 0.4 

which encompasses the values f o r  t he  majority of metals and alloys,  it 

was deternined tha t  the  tors ional  resonant frequency should l i e  between 

8600 and 9300 cycles/sec f o r  a 4-inch specimen and between 6830 and 

7% f o r  a 5-inch specimen. 

i n  t h i s  frequency range, and a strong resonance was detected at  9224 

and 7310, respectively. The room temperature resonant frequencies 

having been identified,  the  temperatare of the  specimen was ra ised i n  

small increments of 5 t o  15 degrees up t o  1000° C, and the change i n  

resonant frequencies w a s  recorded. 

marily monitored, however, both the tors ional  and longitudinal fre- 

quencies were measured a suf f ic ien t  number'of times t o  determine t h e i r  

temperat-we dependence. 

frequency as the suspension system provided minimum contribution i n  

t h i s  m o d e  of vibration as t i e  w i r e  loops were located at  the transverse 

nodal points. 

p 

Each specimen was then careful ly  scanned 

The transverse frequency w a s  p r i -  

Damping data w a s  monitored only f o r  transverse 

The specimen temperature w a s  measured by a chromel-alumel thermo- 

couple located 0.0625 inch below the  specimen and was recorded con- 

tinuously on a Honeywell Brown Recorder. 

The specimen w a s  allowed t o  come t o  an equilibrium temperature as 

veri f ied by a constant thermocouple reading and a constant sample fre- 

quency count for  a period of 5 minutes. 

increments varied. 

equilibrium of the sample. 

The time between temperature 

A t  low temperatures a longer time was required f o r  

A t  least f ive  damping measurements were made at each temperature 

increment. If the number of cycles counted varied appreciably, more 
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readings were Pbtained and an average value was calculated based on the 

most consistent readings. 

men t o  make t h e  uecessary measurements i n  heating up t o  1000 C. 

Measureme3ts were taken as the specimen cooled a t  periodic in te rva ls  

as condi:icms permitted. 

From 8 t o  10 hours were required per speci- 

0 

An attcmpt w a s  u d e  t o  f i l l  the Elastomat furnace w i t h  an i n e r t  

atmos:.ihere to obtain aeasurements withogt oxidation of the  sample. 

However, 'ecause of the holes i n  the furnace ends necessary fo r  t he  

couplir_g vires t o  be attached t o  the sample, the  hot argon gas etscrced 

and melteu t h e  transducer crystals.  Bccause the transducers had t o  be 

continuously adjusted t o  regulate tlle force i n  the coupling wires as 

they thermally expanded, the whole furnace system could not be enclosed 

i n  a vacuum. 

system. The whole system was purged w i t h  argon i n  an attempt t o  pro- 

vide an ine r t  atmosphere. However, t h i s  again proved unsuccessful as 

the hafnium-tantalum continued t o  oxidize. 

A gl.cwe-box assembly was build t o  house the  furnace 

One sample of the as received hafnium-tantalum rod was vacuum 

arineaLed t o  1200' C. 

1200' C i n  1.3 hours, and held at temperature f o r  1.5 hours. 

sample w a s  allowed t o  cool slowly i n  vacuum back to  room temperature 

over a 6-hour period. T"e e l a s t i c i t y  and in te rna l  f r i c t i o n  measwe- 

ments were made on t h i s  specimen as well as the pure hafnium specimen 

provided by Ws3 Chang Albary as a reference materiel. 

The sample was heated slowly from 20' C t o  

"he 

I n  order t o  f a c i l i t a t e  the ident i f icat ion of the fundamental 

resonant frequencies, a room temperature m e s w i n g  system as shown i n  
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Figure 11 was developed. 

T e f f t  (1962) provides a means of pos i t ive  iden t i f i ca t ion  of the  reso- 

nant frequencies of the  specimen. 

by an audio speaker (Electro-Voice, Inc., Model TW-35 WIF' Driver) and 

detection of t he  sample vibrat ion i s  accomplished by a phonograph 

car t r idge  (Astat ic  Type 445). 

This system as discussed by Spinner and 

Excitation of t he  sample is provided 

A s  t he  specimen i s  vibrating, it is  probed by t h e  phonograph 

pickup. 

horizontal ly  along i ts  length. 

sponding Lissajous figures are noted on the  o;cilloscope. 

verse vibration, t he  ends of the  specimen vibrate out of phase from the  

middle and there  is  no vibrat ion amplitude at  t h e  nodal points.  

longi tudinal  vibration, t h e  ends of the specimen are out cjf phase with 

each other  w i t h  a nodal point  a t  t h e  middle of the  specimn. 

to rs iona l  vibration, one must move across  t h e  specimen end cross 

section noting t h a t  opposite edges are out of phase with each other  

w i t h  a nodal point  a t  the  middle of t h e  moss  section. 

The pickup is  held l i g h t l y  against  the  specimen and is moved 

The phase re la t ionships  of the corre- 

For t rans-  

For 

For 

These phase re la t ionships  as seen on the  oscil loscope are shown 

in  Figure 12. 

Using t h e  room temperature setup as described, t he  three funda- 

mental modes of vibrat ion were pos i t i ve ly  iden t i f i ed  for a l l  later 

dynamic e l a s t i c i t y  neasurements. 

E l a s t i c i t y  and damping cha rac t e r i s t i c s  of the 8.110~ were run i n  a 

vacuum environment and up t o  2000' C i n  d i f f e ren t  test setup which i s  

shown i n  Figures 13 and 14. A block diagram schematic of t h i s  system 

i s  shown i n  Figure 15. The basic  difference i n  t h i s  system and t h e  
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Elastomat, i n  addition t o  the vacuum and higher temperature capability, 

i s  i n  the manner i n  which the sample vibration is excited. The method 

used i s  known as the Fsrs ter  (-7937) method. 

e l e c t r i c a l  driving signal i s  converted t o  a mechanical vibration by a 

magnetic record-cutting head (Astatic type M41-8). 

Using t h i s  setup, t h e  

The vibration of the driver i s  transmitted t o  the  specimen though 

one of t h e  two threads which a re  located near the  transverse nodal 

points ar,d which suspend the specimen i n  t h e  high temperature furnace. 

The vibration of the  specimen i s  transmitted thro7igh the other thread 

which i s  attached d i rec t ly  t o  a ceramic c rys ta l  phonograph cartridge 

pickup as indicated i n  Figure 16. This suspension system is  discussed 

by Dickson and Spinner (1968) and ecables one t o  exci te  transverse and 

torsional vibration. 

The rest of the control system consists of a variable frequency 

osci l la tor ,  electronlc frequency counter, oscilloscope, voltmeter 

(amplitude meter), and amplifiers, which a l l  perform the  same functions 

as previously discussed for the Elastomat. 

The high tempe.-ature furnace shown by Figure 14 is a s p l i t  s h e l l  

design with tungsten heating elements. 

made on the specimen with a 95 percent tungsten/5 percent rhenium/ 

74 percent tungsten/26 2ercent rhenium thermocouple erlcased by a 

thorium oxide tube. The thermocoEple i s  located adjacent t o  the 

specimen and near i t s  middle. 

Temperature measurements are 

Damping measurements can be made on t h i s  equipment by e i ther  the  

f ree  decay method or measurement of the half-width of the resonance 

peak. In  the f ree  decay method, the speciaen is  tuned at the resonant 
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Figure 16. Detail of suspension system f o r  round specimen 



69 

frequency and the  t r igger  c i r c u i t  i s  connected t o  the  horizontal input 

of the oscilloscope i n  place of the dr iver  signal.  The oscilloscope is 

adjusted so the  horizontal sweep i s  tr iggered by opening the  t r igger  

c i r c u i t  which a l s o  shuts cff the  s ignal  t o  the  driver.  The decay curve 

i s  then dispiayed cn the  oscilloscope and recorded phokographically on 

ASA 3000 speed Polaroid f i l m .  Fror: measurements of t he  mpl i tude  of 

the envelope of the s ine  wave describing the  derlay of free vibrations 

of t h e  sample, and knowing the time in te rva l  between amplitude measure- 

ments from the oscilloscope t r ace  sweeprate, the  value of t he  in t e rna l  

f r i c t ion  can be calculated by equaticrl ( 2 9 ) .  

The method u t i l i z i n g  measurement of the half-width of the 

resonance peak i s  carried out by detuning the  osc i l l a to r  on either s ide  

of t h e  peak t o  give a deflection of t h e  vacuum tube voltmeter equal t o  

half  t h a t  observed a t  the  posit ion of the peak. The frequencies are 

determined with the electronic  frequency counter. 

Room temperature ident i f ica t ion  of the transverse a d  tors iona l  

resonant f-equencies having been determined by previous measureinents 

and ca l cda t ions ,  specimens of the hafnium-20$ tantclum were suspended 

ti i th Pluton, type 1OA carbon fiber, obtained from a idixxesota Mining 

and Manufacturing Co. fabric. The f i b e r  was looped around the specimen 

as clcse t o  t h e  transverse nodal points as possible. 

It was not possible t o  excite transverse resonance at  the  prxise 

n o d d  points, however, by very s l i g h t l y  displacing the  suspension 

threads, a strong s ignal  was possible. Smaller size specimens were 

required with the  Pluton thread suspension as it would not support the  

heavier specimens used on the Elastomat. The 0.h4-inch-diameter 
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specinens were mchined t o  a smaller diameter end the 0.125-inch rod 

material was used t o  accomodate the  carbon fiber. Attempts wzre made 

t o  use 0.005-inch-diameter molybdenum wire, however, the pickup s ignal  

was too dis tor ted t o  be of value, probsbly due t o  3. spring effect from 

t h e  spcimen vibration. 

Room and elevated temperature damping and e l a s t i c i t y  measurements 

The temperature of t h e  sFeci- xere made ii; a vacuum of 1 X 

men was raised i n  25O-5Oo C! increments w i t h  the  specimen remaining a t  

temperature un t i l  equilibrium w a s  obtained. Here again, the  specimen 

wis deemed at 7quilibrium when a c o n s t a t  thermocouple output and 

resonant frequency countwss achieved f9r 5 minutes. 

of the  transverse and tors ional  frequencies a t  each temperature were 

recorded. Free decay and forced resonance dam-ping measurements F ; e r e  

made m t h e  transverse resonant frequency. 

vacuum annealed, and oxidized material were run at elevated tempera- 

tures up t o  2000' C. 

t h i s  temperature due t o  the Wgh noise l eve l  which always develope3 

around 1000° C and t h e  f a c t  t ha t  the  suspension thread broke on occa- 

sion during the run. 

to r r .  

"he measurements 

Specimens of as received, 

It W ~ S  not always possible t o  mhke every run to 

An annealing study of the alloy was performed by heating an as 

received specimer, from r o o m  temperature t o  500' C i n  13 minutes, then 

t o  1112' C i n  an additional 15 minutes, and then holding at t h i s  

equilibriuti temperature and recording the transverse resonant frequency 

change a s  a function of t i m e  at  the  annealing temperature. 

t ion  of the internal  f r i c t ion  change with time was obtained f r o m  the 

change i n  output voltage of the c r y s t d  pickup. 

An indica- 
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A more detai led study of t h e  room temperature damping character- 

i s t i c s  of the hafnium-20$ tantalum a l loy  was performed using the  

equipment shown i n  Figures 17 and 18. A rectangular annealed bar 

specimen was suspended precisely a t  the nodal points with cotton 

thread. 

sample near i t s  middle. 

by s t r ik ing  the  specimen with s. steel rod w i t h  t h e  force being actuated 

by a solenoid. 

vibration was controlled by varying the voltage of the solenoid signal. 

Decay of the sample vibration w a s  v isual ly  displayed on t h e  Tektronix 

oscilloscope and recorded photographically by Polaroid film. 

A semiconductor strain-gage pickup w a s  bonded d i r ec t ly  t o  the  

Excitation of sample vibrat ion was provided 

Force imparted t o  the specimen and thus amplitude of 

Stress-Strain Behavior 

The room temperature s t ress-s t ra in  behavior of the  hafnium-208 

tantalum a l loy  was investigated using a 20,oOO-pound capecity Instron 

Ur-iversal Testing System shown i n  Figure 19. Tensile tests were con- 

ducted under guidelines prov5ded by ASW Standard E8-68, "Tensile 

Testing of Metallic Materials." 

necessarily small due t o  the cost  per sample and the s m a l l  amount of 

llvtterial received. 

The number of test  specimens run was 

Wah Chang Albany conducted t ens i l e  tests at t h e i r  laboratory on 

pure hafnium rod and made the  data  available t o  t h i s  author t o  provide 

a compariscn with the  hafnium-20% tantalum a l loy  data. 

Four tensf le  specimens were nvlchined from the  as received material. 

These rod specimens were machirled with reduced cross sections and had 

standard 2-inch gage lengths. 0i.e specimen was oxidized fo r  5 hours 
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Further characterization of the a l loy  pr ior  t o  heat treatment was 

carried out usii;g the Wilson Tukon hardness tester shown i n  Figure 21. 

Knoop hardness measurements were made across the surface of the sample 

and a n  average value was calculated. 

Photomicrographs of the  etched specimen were made at  room tempera- 

ture on a Bausch and Lomb Research I1 metallogra2h pr ior  t o  inser t ion 

in  the hot stage metallograph. 

The phase t ransfor tut ion i n  the hafnium-205 tantalum alloy was 

observed at high temperature using the Leitz Metallux microscope and. 

accompanying vacuum heating stage setup shown i n  Fsgures 22 and 23. 

The th in  wafer specimen w a s  placed d i r ec t ly  on top of the pure tungsten 

resistance heating elemnt .  

were made concurrently by a Pyro opt ica l  gyrometer and a chromel-alumel 

thermocouple i n  contact w i t h  the heating element. 

hot stage was varied by controll ing the amperage of the input power 

Temperature measureuents on the  sample 

Temperature of the  

supply. 

In order t o  correct the  opt ica l  pyrometer temperature ;?leasure- 

ments, the emissivity of the specimen must be known. The emissivity 

of t he  hafnium-208 tantalum was unknown, therefore an a l te rna te  measure- 

ment was used. 

hafnium-tantalum wafer was placed on the tungsten heating element. 

hot stage was heated t o  1400° C and opt ica l  pyrometer readings were 

taken on both the heating element and the tungsten sample. 

ings were ident ica l  as the color of tungsten specimen was a t  a l l  times 

ident ical  t o  the heating element. 

existed i n  the specimen and it indeed was at  the  same temperature as 

A t h in  tungsten specimen of the same s ize  as the 

The 

The read- 

This indicated no thermal gradient 









t h e  heating element. Therefore 

dur ing  the phase t ransformtion 

the tungsten heating element i n  

c1 
temperature measurements could be mde 

study by measuring the  temperatil=*c of 

contact with the haf\iium-tantalum 

specimen and makicg the temperature corrections based 011 known emis- 

s iv i ty  data for  the tungsten. 

temFerature measurements, the hafnium-20g tantalum spec h e n  was placed 

i n  the hot stage and under a vacuu! of 5 X torr, m d  t he  tempem- 

ture was gradually ra ised i n  increments varying from 5Oo-15O0 C. 

Photomicrographs were made a t  5OOX magnification using a Leica 35-mn 

camera a t  each equilibrium temperature up t o  above l '-cOOo C. Having 

reached a maximum Lemperature which placed the specimen well within 

the  single 

the PO,. :r input was decreased by 5 ampeies causing a rapid cooling of 

the specimen t o  approximately 2.2&7O C where addi t ional  photomicrographs 

were taken. 

ments down t o  385' C, v isual ly  observing and photogrcphing a t  each 

increment. 

t o  cool t o  room temperature. Af'ter removal from the hot stage, an 

X-ray '.i:fraction pat tern of the  heat-treated alloy was run, along with 

Knoop microhardness measuremer;,s. 

electron microscope, shown i n  Figure 24, micrographs of the heat- 

t rea ted  specimen were taken. 

of the specimen surface were prepared and conventLona1 electron micro- 

graphs were made on a Hitaschi model HU-llA electron microscope. 

additional verification, a second spccimen was t es ted  i n  the hot stage 

Having established a guideline for  the 

p phase region indicated by the  phase diagram or  Figure 1, 

The temperature of the sample was reduced i n  50' incre- 

A t  t h i s  point, the  power was secured allowing the  sample 

Using the  Canbridge scanning 

For comparison purposes carbon repl icas  

For 
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using a s i m i l a r  procedure. 

using thz Polaroid casset te  and ASA -W f i l m .  

Photomicrographs f o r  t h i s  test were made 

S ta t i c  Oxiciation Behavior 

A se r ies  of oxidation tests were conducted on t h e  hafnium-tantalum 

al loy t o  assess qual i ta t ively and quantitatively i t s  oxidation behavior 

i n  a s ta t . ic  air environment at f i v e  temperatures ranging f r o m  1000~  c 

t o  1700" C. 

0.4-inch thickness were machined from the extmded rod materid. 

specimens were hand polished using 600 g r i t  s i l i con  carbide paper 

followed by 0.3  micron A1203 powder t o  give a smooth external surface. 

Tes ts  were conducted in  a Centorr Series 10 tungsten rod heating ele- 

ment shown i n  Figure 25. 

ture Al203 muffle tube which enabled temperatures up t o  1700° C t o  be 

obtained i n  a s t a t i c  oxidizing environment. Specimen dimensions were 

measured exactly with precision micrometers. 

expcsed surface area was computed. 

place accuracy using a Sartorius analyt ical  balance. 

Disk-shaped specimens of 0 .h- inch diameter and 0.3- t o  

The 

The furnace was .  equipped w i t h  a high te-ra- 

/ 

From these dimensions the 

Each specimen was weighed t o  four 

"he specimen w a s  suspended i n  the heat zone i n  a platirmn wire 

basket a s  shown i n  Figure 26. 

by a Pyro opt ical  pyrometer. 

based on a value of 

Using a dummy oxidized specimen suspeqded i n  the middle of the heat 

zone, the furnace teFperature was slowly raised t o  the desired l eve l  to  

prevent cracking of the A1203 muffle tube. 

ture, the dullrmy specimen was removed and the t e s t  specimen inserted 

into the furnace. 

Specimen temperature w 8 s  read d i rec t ly  

Corrections f o r  sample emissivity were 

E = 0.65 f o r  €KO2 as indicated by Marnoch (1967). 

Once at  the desired tempera- 

Optical ppometer temperature readings were again 
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made on the test specimen. 

at teqerature. 

intervals for the first 20 minutes and immediately weighed on the 

analytical balance. 

of the top swface to show surface oxidation formaticn at each time 

increment. 

A timer clock was used to regulate time 

The specimen was removed from the furnace at 2-minute 

Photomacrographs at 4X magnification were taken 

After photographing the specimen it was immediately returned to 

Twenty-minute exposure increments were the furnace for re-exposure. 

used for the completion of the first hour after which time weight 

change measurements and photomacrographs were taken every hour for 

times up to 8 hours maxim exposure. 

cross-sectioned and photomicrographs taken to qualitatively show oxide 

penetration into the material. 

taken of the specimen surface after the final exposure to show the 

difference between the low and high temperature oxide. 

Several of the specimens were 

Color 3X magnification photographs were 

Scanning electron microscopy was used to study the surface 

morphology of the low and high temperature oxide. 

furnace and a similar setup to that previously described, a second 

series of static oxidation tests were carried out. 

hafnium-tantalum were exposed for 3-, lo-, and 30-minute intervals at 

five temperatures from 1000° C to 1700' C. 

exposure, the specimen was photographed at magnifications up to 

17,500X using the S.E.M. 

necessary to coat the specimen with an anti-static solution prior to 

insertior, into the scanning electron microscope. 

Usingthe Centorr 

Specimens of the 

After each interval of 

After the final the& exposure, it was 
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One test specimen w a s  exposed f o r  33 minutes a t  1700° C. Using 

the  General Elec t r ic  diffractometer as previously described, X-ray 

diffract ion patterns were established on the  surface oxide. Knoop 

microhardness measurements were made across the  specimen. 

was then hand polished t o  remove a 0.004-inch layer  using s i l icon  

carbide paper with fir-a1 polishing done with 0.03 micron A1203 powder. 

A f t e r  each layer  w a s  removed, an X-ray d i f f rac t ion  pat tern w a s  estab- 

l ished along w i t h  corresponding microhardness measurements. 

The specimen 

Additional X-ray Ai f f r ac t ion  analyses were conducted on the  low 

temperature (1000 C) unprotective oxide. Oxide scale which readi ly  

spalled w a s  ground by mortar and pedestal in to  200 mesh powder. 

powder was l i g h t l y  pressed i n t o  a powder sample holder and X-ray 

patterns established fo r  comparison with the  t i g h t l y  adherent high 

temperature oxide. 

0 

This 

Angular location of X-ray peaks w a s  determined by masurement of 

the  midpoint of t he  half peak height l ine .  

the  "d" spacings f o r  t he  h K l  planes responsible f o r  t h e  peaks, were 

determined f romtables  f o r  copper Ka radiation. 

From the angular locations, 

Using t h i s  information along with the  ASTM Powder Diffraction f i l e  

c rys ta l  system c lass i f ica t ions  were determined. 

Metallographic Techniques 

The basic microstructure of t he  hafnium-tantalum alloy was studied 

using conventional re f lec t ing  l i g h t  microscopy, e lectron microscopy, 

and scanning electron microscopy as havebeen previously described. 
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Standard metallographic procedures were employed with the specimen 

being polished with s i l i c o n  carbide pressure sens i t i ve  abrasive paper 

s t a r t i n g  with 240 g r i t  and working through the f i n e r  grits 320, 400, 

and 600 successively. 

0.05 micrm A1203 powder on a microcioth covered polishing wheel o r  

Buehler Vibromet polisher.  Several combinations of hydrofluric and 

n i t r i c  ac id  etchant aolu3ions were t r i ed ,  however, t h e  so lu t ion  giving 

t h e  bes t  r e s u l t s  had t h e  following composition: 

F ina l  po l i sh  was ca r r i ed  out using f r o m  0.03 t o  

45 ci.: l l i l i ters  HNOj ac id  

10 m i l l i l i t e r s  HF ac id  

5000 milliliters water 

?The b e s t  r e s u l t s  using t h i s  etchant were obtained by dispersing a 

f e w  drops of t he  so lu t ion  on t h e  polishing wheel along w i t h  the  A1203 

powder, thus pol i sh ing  and etching simultaneously fo r  2 t o  3 minutes 

after which examination was ca r r i ed  out on t h e  metallograph. 



RESULTS AND DISCUSSION 

Room Temperature Dynamic E las t i c i ty  Measurements 

The e l a s t i c  o r  Young's modulus, shear modulus, and Poisson's r a t i o  

of t he  hafnium-20$ tantalum a l loy  were calculated from the measured 

room temperature transverse, longitudinal, and tors iona l  frequencies 

using the  appropriate re la t ionships  as given by equations (lo), (13), 

and (15). The correction fac tors  applied t o  these equations t o  correct  

f o r  individual specimen geometry and Poisson's r a t i o  were obtained from 

the tab les  i n  Spinner and Teff t  (1962), based on an assume Poisson's 

r a t i o  of 0.25. A typ ica l  correction fac tor  f o r  E based on transverse 

vibration f o r  a 4-inch-long specimen, 0.4445-inch diameter, was found 

t o  be Tn = 1.063 of 6.3 percent. The results of these calculations 

are shown i n  Table 4. The extruded rod i n  the  as received condition, 

w i t h  no  heat treatment, had a calculated average value of the e l a s t i c  

6 6 modulus of 16.98 X LO p s i  and a shear modulus of 6.86 X 10 psi .  

Poisson's ra t io ,  based on equation (6), w a s  found t o  be 0.24. 

average value of the e l a s t i c  modulus of the two specimens annealed at 

1200° C f o r  4 hours increased t o  18.63 X 10 The 

shear modulus f o r  the annealed specimen increased t o  7.36 X 10 p s i  

or  7.3 percent f o r  specimen number 6. 

quencies were not detected i n  sample 7. 

mens annealed for 4 hours was found t o  be 0.27 o r  an increase of 

12.5 percent. 

specimen yielded a modulus of 

8.02 X 10 p s i  with a corresponding Poisson's r a t i o  of 0.28. 

The 

6 p s i  o r  9.7 percent. 

6 

The tors ional  resonant fre- 

Poisson's r a t i o  f o r  the speci- 

S i m i l a r  calculations for the  annealed pure hafnium rod 
6 E = 20.52 x 10 p s i  and shear modulus of 

6 
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The increase in elastic and shear moduli on the order of 10 per- 

cent on annealing has been ?oted in polycrystalline materials, such as 

copper, which exhibited a high degree of anisotropy as reported by 

McLean (1962), and Bradfield and Pursey (1953). 

the as received hafnium-tantalum can likely be attributed to the pre- 

ferred orientation of crystals caused by the extrusion process in the 

production of the rod material. 

crystal and even across individual crystals within a polycrystal. In 

single crystals of zinc, Young's modulus has been shown to vary with 

orientatio? by a factor of 4:1. 

on the as received and annealed alloy showed a considerable difference 

in peak intensities, thereby indicating a lack of randomness in the as 

received specimens. The subsequent annealing process on the alloy pro- 

duced a sufficient random distribution of the orientations to permit the 

polycrystalline hafnium-tantalum to behave in a more isotropic manner. 

The lower moduli of 

Stress and strain vary from crystal to 

X-ray diffraction patterns established 

There is no existing elastic modulus or shear modulus data for the 

hafnium-20$ tantalum alloy system. 

that tensile tesL data for the hafnium-27$ tantalum indicated a static 

elastic modulus of 25.6 X 10 psi. 

the tantalum content by 7 percent to improve the oxidation resistance, 

However, Marnoch (1967) reported 

6 Thus it is seen that in reducing 

6 the modulus of the material was reduced to 18.6 X 10 psi, or a reduc- 

tion of 27 percent. 

this investigation was a two-phase substitutional solid solution alloy 

and showed a negative deviation from a rule of mixtures for estimating 

the modulus of elasticity based on the modulus and composition c)& the 

It is t o  be noted that the hafnium-208 used in 

6 base aUoys. The alastic modulus of 18.6 X 10 psi is lees than the 
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modulus of e i the r  base component. 

indicated a modulus of e l a s t i c i t y  which was somewhat higher than t h a t  

of hafnium and t h a t  predi; ted by a n iLe  of mixtures. 

behavior can be a t t r ibu ted  t o  two possible reasons: 

On the  other hand, Marnoch t e s t s  

This d i f fe ren t  

1. The degree of preferred or ientat ion differences i n  the  

specimens. 

The hafnium-208 tantalum i s  of hy-pomonotectoid composition 

whereas the hafnium-278 tantalum is hy-permonotectoid. 

2. 

Even though t e s t  results were based on annealed specimens, a 

cer ta in  amount of preferred or ientat ion l i k e l y  exis$ed i n  each. 

Marnoch's specimens were machined from ro l led  sheet material  whereas 

those used i n  t h i s  investigation were machined from extruded rod 

mterial. 

t ha t  during the formation of *he two-phase 

solution of t h e  hy-pomonotectoid composition from the  m e l t ,  the  p 

hafnium s o l i a  solution transforms through the  two-phase a + p Hf 

so l id  solutions down t o  the  equilibrium two-phase oolid solutior, of 

a + p Ta. 

transforms through a two-phase solid solution; however, t h i s  is seen 

t o  consist  of p E + p Ta phases. It is, therefore, l i k e l y  t h a t  t he  

f i n a l  equilibrium state of a + p Ta may be suf f ic ien t ly  d i f fe ren t  on 

a microstructural l eve l  t o  accoulit for t he  difference i n  the mechanical 

behavior of the material  a t  room temperature. 

'-i-om the  phase diagram (shown i n  Fig. l), it caI: be seen 

a + p equilibrium so14-d 

Likewise, the  hypermonotectoid composition of the a l loy  
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Room Temperature Stress-Strain Behaviol 

The resu l t s  of the s t a t i c  tens i le  tests conducted on the hafnium- 

20$ tantalum al loy a re  summarized i n  Table 5 and a s t ress-s t ra in’dia-  

g r a m  for  the al loy system i s  shown in  Figure 27. 

strength of the al loy i n  the as extruded condi-Lion averaged 151,000 psi 

w i t h  a yield strength measured a t  0.2 percent of fse t  of 119,600 psi. 

The specimen vacuum annealed for 2 hours a t  1200’ C had an ultimate 

tens i le  strength of 120,400 psi  with a. corresponding yield strength af 

10&,000 ps i .  The s t a t i c  e l a s t i c  modulus as calclilated from the stress 

6 .  versus s t r a i n  output data yielded a value of s l i g h t l y  over 16 X 10 

This method of calculation is  not nearly as accurate as the more sensi- 

t i v e  resonant frequency data, however, it does agree withi.n experi- 

mental error with t h a t  value obtained dynamically. This d a b  again 

substantiates the f a c t  t h a t  the extrusion process used t o  fgbricate the 

alloy, aligned the polycrystals i n  a pref*,?red orientation which was 

p a r t i a l l y  recovered during the  annealing process. 

received material as indicated by Figure 28 was a typical  duct i le  cup- 

cope type. Howevei, as expected, oxygen i n t e r s t i t i a l  contamination, as 

shown by a cross sectlon of thb t e n s i l e  specimen oxidized for  5 hows 

a t  1000° C, caused the failure mode t o  become a typical  brit.3l.e 

fracture.  

t o  unoxidized material during the e l a s t i c  portion; however, strain-to- 

f a i l u r e  was typical ly  decreased by 75 perceat. 

The ultimate t z n s i l e  

psi.. 

Fracture of the as 

The s t ress-s t ra in  behavior of the oxidized alloy was s i m i l a r  

Tensile tests conducted by Wah Chmg on the hafnium crys ta l  bar 

6 indicated a modulus of e l a s t i c i t y  between 21 and 27 X 10 p s i  whi?h i s  

20 percent higher than that reported el.sevtherz +la t h e  l i t e r a t r e .  F’rom 
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Test 
No. 

Table 5. Summary of s t a t i c  tensile t e s t  data for  
ni~fnim-20% tantam u o y  

Modlilus of 
Heat e l a s t i c i t y  treatmefit 

(psi  x 10-6 1 

Reduct ion 
in a s s -  
sect ional  

area 
(percent ) 

U l t i a a t c  
t ens i l e  
strengtl 

(Psi 1 

Percent 
?longat io1 

119,600 149,750 13 55 

48 

-4- -t 
120,400 10.85 I 18.18 vacui-a 

3 I  annealed 104,000 
- 

2-95 

73,500 28 

'13,400 29 
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t h i s  data one can see tha t  by adding 20 percent tantalum t o  hafnium one 

can increase the ultimate strength of hafnium by 60 percent and the 

yield strength by a fac tor  of 4. 

Test results by Marnoch have shown the  hafnium-278 tantalum sheet 

specimens i n  the annealed condition t o  have an ultimate strength of 

156,000 p s i  with a corresponding yield strength of 147,100 p s i  at 

0.2 percent of fse t  which are higher than the hafnium-20$ tantalum as 

woulG be expected from an increase i n  t h e  tantalum content i n  the 

hafnium-278 tantalum. 

Room Temperature Internal  Fr ic t ion 

Using the morn temperature damping setup previously described and 

shown i n  Figures 17 and 18, the room temperature damping character- 

i s t i c s  of the annealed hafnium-209 tantalum alloy were studied i n  

de ta i l .  

jar a t  1-atmosphere pressure, excitation of the  sample vibration was 

induced by the  solenoid actuated steel rod s t r ik ing  the center of the  

bar. 

Figure 29. 

measurements and counting the number of f u l l  cycles of vibretion from 

the Polaroid picture, the frequency of vibration i s  computed from the  

equation 

With the  sample suspended at  the nodal points, inside the  b e l l  

A typical  free decay envelope of the sample vibration is  shown i n  

Knowing the oscilloscope sweep rate and by taking physical 

No. of cycles 
F'requency = ' t  Distance betwFen 2 points) ( S w e e x  

Results indicated a resonant. frequency of transverse vibration of 

1831. cycles/sec for  the w,ePJ.ed rectangular ber sgecimen. The 
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aniplitude of vibration a t  two different times was measured d i r e c t l y  

f romthe  photograph of the  decay of the specimen vibration. 

na l  f r i c t i o n  was then calculated ?- 2m 

The in te r -  

as previously described. Force of the solenoid actuated s t e e l  rod 

s t r ik ing  the sample w a s  varied by increasing the  power t o  the solenoid. 

Three different  power leve ls  were u t i l i zed  t o  see if there  w a s  any 

amplitude dependency of the in te rna l  f r i c t ion .  The average value of 

the room temperature in te rna l  f r ic t ion ,  Q-I, w a s  found t o  be 

1.74 X 

internal  f r i c t i o n  was not found t o  be amplitude dependent f o r  forces  

involved i n  these measurements. 

Results were consistent on a l l  measurements and t h e  

In  order t o  study the  e f f ec t  of the suspension system on the  

damping of the alloy, another series of measurements were made w i t h  t he  

sample suspended 0.125 inch inside i t s  nodal points, and also with the  

suspension system located 0.125 inch outside the  nodal points. 

As predicted by Wach?man and L'efft (1958), t h e  apparent in te rna l  

f r i c t i o n  was found t o  vary with the  posi t ion of the  support f ibers .  

The amplitude of vibration of a bar  vibrat tng i n  a free-free mode of 

transverse vibratlon can be predicted from the equation of motion 

describing t h i s  vibration. 

yield the  amplitude at any point on the  bar. 

Rayleigh (1877) Ims solved t h i s  equation t o  

Using t h i s  informetion 

Lth the theory $eveloped by Wachtman and Tefft, an ac tua l  value of 
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internal  f r i c t i o n  was calculated which accounts f o r  energy losses i n  

the specimen. These calculations were made by solving two simultaneous 

equations of the  form 

where Qs'l = actual  in te rna l  f r i c t i o n  

b-1 = measure in te rna l  f r i c t i o n  

S = constant f o r  a given specimen and suspension system 

which accounts for energy losses  

amplitude at  a given X/L location on bar 
amplitude of end of bar y/yo = r a t i o  of 

The measured in te rna l  f r i ? t ion  a t  a suspension location of 

0.125 inch inside t h e  nodal points (X/L = 0.2552) yielded a value of 

4 &'I = 1.046 X 10- . For a suspension location of 0.125 inch outside 

the nodal points (X/L = 0.1928), 

measured values of in te rna l  f r i c t i o n  and the respective y/yo data 

obtained from Rayleigh's solution of t he  equation of motion f o r  a 

vibrating bar, equation (40) was solved t o  y ie ld  a corrected value of 

the interne1 f r i c t i o n  a t  room temperature of &'I = 9.104 X 10-5. 

it can be seen that energy losses  i n  t h i s  system are significant,  but 

a re  much less than t h e  order of magnitude differer.:es which have been 

reporked b j  Wachtman and Tef f t  for other suspension systems. 

Q'l = 1.023 X Using these two 

Thus 

". zdc6. values of in te rna l  f r i c t i o n  of other metals and al loys are 

For example, reported by Smithhells (1962) t o  be of the order of 10-5. 

sintered molybdenim has a value of Q" = 16 X 10-5. 

Room temperature damping measurements were a l so  m d e  using the 

Elastomat system. mica1 values of &'l = 1.04 X were obtained; 
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however, because of t he  par t icu lar  driving and receiving wire setup 

used, these damping data were very inconsistent and non-repeatable from 

specimen t o  specimen, and, therefore, could not be used f o r  absolute 

values of Q-'. A change i n  the  compression loading of the  coupling 

wires would change t h e  chnping .a appreciably. Damping data  obtained 

through t h i s  method were used only i n  showing the  temperature dependence 

of tine in te rna l  f r i c t ion  on a r e l a t ive  basis.  

Table 6 represents a summary of the room temperature damping data 

obtained on the  annealed hafnium-208 tantalum alloy. 

Elevated Temperature Dynamic Elas t i c i ty  

and Internal  Fr ic t ion  

The e l a s t i c  and shear moduli were measured as a function of t e m -  

perature as have been described using both the Elastomat i n  an oxidizing 

atmosphere and the high temperature vacuum e l a s t i c i t y  setup. 

transverse and tors ional  resonance frequencies at some temperature AT 

above room temperature were converted t o  elastic and shear moduli using 

the  re lat ionship 

The 

where $ = elevated temperature modulus 

Mo = room temperature modulus 

fT = elevated temperature resonant frequency 

fo = room temperature resonant frequency 

a = l i nea r  coeff ic ient  of thermal expansion at' specimer 
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Measurement Suspension Frequency, 
location ( cycles/sec 

NO (X/L) 

1 0.224 1831 
2 (nodal points)  1831 
3 1831 
4 1825 
5 1831 
6 1821 
7 1831 
8 1831 

9 0.2552 1831 
10 (1/8 in. inside 1831 
14 nodes) 1831 
15 1831 
16 1831 

17 0.1928 1831 
18 (1/8 in. outside 1831 
19 nodes) 1831 
20 1831 
21 1831 
22 1831 
23 1831 
24 1831 
25 1831 

Table 6. Summary of roam temperature measured internal  
f r i c t i o n  data f o r  a haf'nium-20$ tantalum alloy 

Variac Q'l measured 

se t t ing  (x 105 
power 

50 1.74 
50 1.74 
50 1.74 
60 1.74 
60 1.74 

70 1.74 
70 1.45 

50 1.02 
50 9.79 x 10-5 
60 1.022 
60 1.028 
70 1.022 

50 1.023 
50 9.9 x 10-5 
60 1.087 x 10-4 
60 1.038 
60 1.054, 
60 1.054 
70 1.054 
70 1.0% 
70 1. J9 

60 1.75 



103 

The thermal expansion data of Marnoch (1967) was reduced from a 

graphical representation by a l e a s t  squares f i t  of h i s  data t o  the 

equation 

(42) AL - -  -- -1.09266 x + 3.2109 x Tc + 2.80584 x lo’’ Tc L 

AL where - = A T  = change i n  length of specimen 
L or ig ina l  length 

Tc = temperature i n  degrees centigrade 

This correction was less than 2 percent at  1000° C. 

Calculations of the elevated temperature elastic and shear m o d u l i  

of the  hafnium-206 tantalum al loy i n  t h e  as  received and annealed con- 

di t ion and those properties f o r  a pure hafni-am rod are summarized i n  

Tables 7-16. 

air  and attempted inert, argon atmosphere. 

were conducted i n  what was Lnought t o  be an i n e r t  atmosphere after 

having purged the  system f o r  over 30 minutes -mder posi t ive pressure 

of pixre argon, however, specimen 3 oxidized the  same as i n  air. After 

modifications t o  the  furnace t: 

sample, limited oxidation occur1 ;I on specimen 4, however, a small 

amount of oxide scale d id  form. 

b i l i t y  +,o heat specimens t o  1000° C, however, d i f f i c u l t y  of test 

measwements increased exponentially at higher temperatures. 

temperatures, due t o  t h e  increase of in te rna l  f r i c t i o n  of the  specimen 

t o  be discussed later, t he  amplitude of vibrat ion had t o  be increesed 

greatly. 

These tests were a l l  conducted on the Elastomat i n  both 

Tests on specimen2 3 and 4 

..low argon t o  pass d i r ec t ly  over the  

The Elastomat furnace had the ca2a- 

A t  bigher 

I n  several  instances the  coupling wires became unbonded from 
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Table 7. Elevated temperature elastic and shear moduli 
of 1iafnium-20% t a n t a m  a l o y  

SPECIMEN 1 - As received condition, L = 4.00 in., Dia = 0.445 in. 
!TEST CONDITIONS: Oxidizing atmosphere 

Temperature 
(OC 1 

25 
70 
76 
82 

132 
2Q 
218 
229 
290 
299 
368 
420 
478 
530 
571 
623 
629 
655 

982 
$2 

Cooliag 

963 
893 
760 
6L.8 
3 75 
443 
288 
25 

Transverse 
resonant 
frequency 
cydes/sec ] 

2780 
2760 

2755 
274 0 
2715 

2701 
2676 

2634 
2615 
2588 
2565 
2 9 9  
2530 

2521 
2510 

2469 

2538 
2 9 3  
2649 
27c3 
2748 
2828 
2982 
3000 

Elastic 

:(IO modr-us psi) 

16.94 
16.70 

16.64 

16.16 

15 99 
15.70 

15.21 
14 99 
14.68 
14 -42 
14.24 
14 . 03 
15 * 73 
13. Si 

13.35 

16.46 

14.12 
14.62 
15- 38 
16.08 
16 55 
17 53 
19.49 
19.72 

Torsional 
resonant 
frequency 

:cycles/sec: 

9225 

9152 

8968 

8843 

86c1 
8559 
8479 
84 13 

8341 
8 3 u  

8165 
79@ 

rost 
;orsional 
:ignal 

Shear 
modulus ;(lo 6 psi) 

6.87 

6.76 

6.49 

6.31 

6.03 
5.91 
5.80 
5.71 

5.61 
5.56 

5.38 
5.15 



. Table 8. Elevated temperature elastic and shear aoduli 
of t ,mium-2~$ tanturn may 

Dia = 0.4415 in.  
SPECIMEN 8 - Vacuum annealed fo- 4 h r  a t  1200° C, L = 4.030 in.  

TEST CONDI'L'IONS: Oxidizing atmosphere 

Temperature 
(OC 1 

2h 
5u 
88 

124 
135 
208 
256 
290 
348 

5 n  
551 
621 
673 
701 
754 
813 
860 
882 
912 
949 
1010 

E; 

Transva'se 
resonant 
f req.ut,q 
cycles/sec) 

2888 
2871 
2860 
2846 

2805 
2780 
2762 
275 
2726 
2693 
2660 
2637 
2605 
2576 
2569 
2548 
2545 
259 
2544 

2587 
2514 

2503 
-. 

t 

re 6 onant 
l'orsiona3 Elastic 

18.09 
17.91 

17.4 
17 09 
16.88 
16-57 
16.43 
IC. 04 
15.65 
15.38 
15.01 

14.60 
14.36 

14. 70 

14 92 
14.2 
14.3 
13.98 
14 *8 
14.99 I I 

7.13 

7.018 
6.83 
6.7 
6.59 
6.46 
6.42 
6.23 
6.07 
5.95 
5.83 

5.66 

5.38 
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!l!able 9. Elevated temperature elastic and s h e  modluli 
of hefaium-2C$ tatalum allay 

SPECIMEN 3 - As received condition, L = 3.991 in., Dia = 0.441 in. 
TEST CQM)ITIONS: Argon atmosphere 

Temperature 
(OC 1 
-- 

26 
135 
227 
32J- 
382 
399 
4Q7 
449 
460 
477 
gu 
579 
a 5  
621 
a 9  
695 
26 

Elastic 
m0dulu.s 
~(106 psi 

17-15 
16.68 
16.13 
15.55 
15.36 
15.18 

I 2606 I 14.98 

2599 
2581 
2555 
2551 
2546 
2539 
2522 
2866 

14.90 
14.77 
14.47 
14.36 
14 30 
14.22 
14 03 
18. E 

Torsional 
resonant 
frequenq 

(qrcleslsec j 

9208 
9 6 9  
8 9  
8710 

8552 

84-81 

&12 
8333 

8237 

9487 

Shear 
m o d u l u s  
G(:+ psi 

6.01 
6.61 
6.40 
6.10 

5.88 

5.781 
5.78 
5.69 
5.50 

3.46 

7.23 



Table 10. Elevated temperature elastic and shear moduli 
of haf'nium-20$ tantaLum a l l o y  

Temperature 
("c 1 

SPECIMEN 4 - As received condition, L = 4.956 in., Dia = O.b4-5 in. 
TEST CONDITIONS: Argon atmosphere 

T r a n  sve I: se 
re sonant 
frequency 

(cycles/sec) 

Elastic 
modulus 

~ ( 1 0 6  psi 
-~ 

182.5 
1810 
1797 
1780 
1765 
1746 
1722 
1708 
1695 
1687 
16  73 
1663 

~~ 

16.88 
16.58 
16.35 
16.07 
3-54 77 
15-43 
15.01 
14 77 
14.9 
14.41 
14.17 
14.00 

Torsional 
resonant 
frequency 
(cydes/sec) 

Shear 
modulus 

G (106 psi 

7366 
7297 
7222 
7160 
7063 

6977 
6876 
6813 
6764 

7014 

6.73 

6.35 
6.18 
6.10 

6.47 

;:2 
5.75 
5.67 

c 
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Table ll. Elevated tenrperature elastic and shear moduli 
of pure hafnium rneta.3. 

SPECINEN 9 - Annealed, L = 4.016 in., Dia = 0.486 in. 
TEST CONDITIONS: Oxidizing atmosphere 

Temperature 
(OC 1 

26 
63 
96 

127 
196 
232 
304 
323 
371 
376 
421 
449 
482 
560 
5% 
64.9 
682 
743 
777 
843 
882 
916 
960 
26 

Transverse 
resonant 

frequency 
; cyaes /sec  

3364 
3346 
3337 

3267 
3238 
3179 
3156 
33-27 

3097 
3@7 

2994 
298% 
2927 

2869 

2801 
2762 
2728 

3377 
2724 

Elas t ic  
modulus 

3 (106 psi 1 

20.52 
20.30 
20.19 

19.36 
19.01 
18.33 
1.8.6 
17-73 

17-39 
17.28 

16.26 
16.3-7 
1.7.54 

14.93 

3-4 23 
13 I) 83 
3.50 
1: .46 
2 c . a  --- 

Torsional 
re sonant 

frequency 
cycles/sec ) 

1ollg 

9915 

9714 

9461 

9354 
9280 

9105 
8913 
8862 
8735 
8653 
8535 
8460 

l.0141 

Shear 
modulus 

G ( d  ps2 

8.023 

7.703 

7-39 

7.01 

6.86 
6.75 

6.50 
6.22 
6.15 
5.98 
5.86 
5.71 
5. a 

8.06 

& 



Table 12. Elevated temyemture elastic and shear m o d u l i  
of hafnium-20$ tas'itaJvm allay 

SPEC= 6 - Vacuum annealed for 4 hr at E 0 O o  C, L = 3.656 in., 

TEST CONDITIONS: 1 x 10-5 torr 
Dia = 0.257 in. 

Temperature 
("c 1 

29 
187 
231 
273 
333 
434 
481 
526 
586 
640 
705 
732 
838 
886 
943 
1012 
1068 
ll01 
1212 
1255 
1335 
1397 

Transverse 
res onmt 

frequency 
:qrcles/sec 1 

2051 
1956 
1939 
1925 
1908 
1882 
1870 
1855 
1839 
1824 
1809 
1-79 
1769 
1756 
1738 
1713 
1693 
1648 
14-44 
1403 
1278 
124.4 

Elastic 
modulus 

E (106 psi : 
18.59 
16.89 
16.60 
16-37 
16.06 
15.62 
15.42 
15.17 
14.90 
14.65 
14.40 
14.23 
13 76 
13 56 
13.27 
12.89 
12.58 

9.14 
8.62 
7-15 
6-77 

11.92 

Torsional 
resonant 
f requenqr 
(qrcles/sec) 

Shear 
modulus 
:(I& ps i  

7.36 
6.59 
6.50 
6.39 
6.29 
6. og 
6.01 
5-90 
5.79 

5-22 

4.37 
4.84 
4.77 
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Table 13. Elevated teuperature e l a s t i c  and shear moduli 
of hafnium-208 tantalum U o y  

SPECINEN 6 - Vacuum annealed f o r  4 h r  at 1200° C and heated 
t o  1450° C f o r  an additional 4 hr. 
and v i s ib l e  t o  the eye, L = 3.656 in., D i a  = 0.257 in. 

Grains large 

TEST CONDITIONS: 1 x 10-5 t o r r  

Temperature 
(OC 1 

Transverse 
resonant 

frequency 
:cydes/sec ) 

2012 
1962 
1925 
1905 
1886 
1872 
1845 
1799 
1777 
1753 
1738 
1723 
1709 
1695 
1675 
1613 
1509 
1423 
1283 

Elas t ic  

17.90 
17.00 
16.36 
16.03 
15-71 
15.46 
15.01 
14.26 
13.90 
13 52 
13.28 
13.04 
12.82 
12.61 
12.31 

ll.42 
9.99 
8.88 
7.a 

Torsional 
resonant 

frequency : cyaes /sec  ) 

10325 
10071 

9772 

9229 
9112 
9025 
890 
8852 
8756 

8614 

7813 
74& 
6719 

Shear 
modulus 
~(106 psi 

7.19 
6.84 

6.44 

5-73 
5.58 
5.47 
5.33 
5-25 
5.14 

4.97 

4 4  
3.67 
3-02 



Table 14. Elevated tenperahre elastic modulue  of 
hafhi~m-2d ~WUIII a3l0y 

SPEClMEN 5 - As received condition, L = 3.55 in., D i a  = O.2&7 in. 
TEST CONDITIONS: 1 x 10-5 torr 

I 
Transverse 

Temperature 
(OC 1 

32 
530 
1112 
1144 
1168 
n82 
1194 
J-205 
=7 
1242 
1261 
1302 
1348 
1391 
1456 
1469 
u52 
1613 
1660 
1 7 u  
1745 
1979 

31 

res onant 
frequency 
(cycles/sec ) 

1973 
1799 
1 6 u  
1595 
1559 
1538 
1520 
1509 
1443 
1466 
1442 
1391 
13= 
3235 
U42 
ILL4 
1052 
1016 
1006 
1000 
997 
905 

2&0 

Elastic 

E ( l  mdr psi) 

16.95 
14.05 
n. 23 
10. gg 
10.49 
10.22 
9.98 
9.83 
9.62 
9.28 
8- 97 
8.35 
7-52 

5.34 
4.76 
4.44 
4.35 
4.29 
4.21 
3.50 

18. u. 

;:z 



Table 15. Elevated temperature elastic and shear moduli 
of hafnium-208 t a n t s l u m  U o y  

SPEClMEN 5 - Vacuum annealed fdr 3 hr at llJ2' C and 2 hr up 

TEST CONDITIONS: 1 x 10-5 torr 
t o  2000° C, L = 3.55 in., Dia = 0.2447 in. 

31 
128 
360 
418 
507 
573 
638 
713 
790 
930 
972 

1013 
1052 
1144 
1208 
1238 
1303 
14@ 
1473 
1564 
263 
24.5 

Transverse 
resonant 
frequency 
:cycles/sec) 

2dco 
1975 
1896 
1881 
1860 
1844 
1826 
1809 
1793 
1766 
1758 
1745 
1732 
1609 
1482 
1443 
1356 
1232 
1153 
1075 
1923 
2050 

Elastic 
modulus 

E (106 psi 

18.11 
16.97 
15.62 
15-37 
15.02 
14 . 76 
14.47 
14.19 
13.93 
13 50 
13.37 
13 9 17 
12.98 
XI.. 19 
9.48 
8.99 
7-93 
6.54 
5.72 
4.97 

16.08 
18.31 

Torsional 
resonant 
frequency : cycles/sec ) 

1dt82 
10129 
9749 
9@2 

9232 
9160 
9094 
8360 
7695 
7449 

6548 

c 

Sheax 
modulus 
~(106 psi 

6.99 
6.52 
6.03 
5.95 

5.34 
5.30 
5.23 
4.41 
3.74 
3.50 

2.70 



Table 16. Elevated temperature dependency r a t i o  of the 
e l a s t i c  and shear moduli r a t i o  of a 
preoxidized hafnium-20$ tantalum a l l o y  

SPECIMEN 9 - Oxidized f o r  2 hr  at 1200' C, 
L = 4.001 in., Dia = 0.139 in.  (before oxidation) 
L = 4.&4 in., D i a  = 0.144 in.  (after oxidation) 
Weight gain from oxidation = 1.28 

TEST CONDITIONS: 1 X 10-5 t o r r  

Temperature 
("c 1 

35 
165 
225 
338 
416 
575 
714 
906 
963 
1025 
1067 
u 7  
1162 
1221 
1321 
1404 
1740 

Transverse 
resonant 

f requenqr 
1 cycles/sec ) 

919 
885 
880 
871 
866 
857 
847 
845 
843 
840 
837 
8% 
822 
805 
787 
762 
685 

- 

Elast ic  
modulus 
r a t i o  

(ET/Eo 

1.0 
927 
916 
897 
.886 
867 
0845 
0 8 4  
838 
-83 
.824 
.Si7 . 7% 
.761 
.726 
.a1 
*548 

Torsional 
resonant 
f requenc:; 

(cycles/sec ) 

9614 
9326 
9273 
9168 

8941 
8684 
8600 

8524 

8418 

8010 
7776 
6325 

Shear 
modulus 

ra t io  
(GT/Go 

1.0 
0 9 4 1  
93 
908 
863 

.811 
795 
781 

e 761 

0 6 8 8  
.a8 
427 
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the specimen before the  run could be completed. 

the test had t o  be terminated. 

When t h i s  happened, 

Figures 30 and 31 provide a graphical representation of the 

temperature dependency of the  e l a s t i c  and shear moduli of the as 

received and vacuum annealed hafnium-208 tantalum alloy. 

based on average values at each temperature incremt:nt of a l l  the  speci- 

mens tes ted  up t o  1000° C us l  , the  Elastornat. 

general curves for  e l a s t i c  and shear moduli of the annealed pure hafnium 

and the annealed hafnium-tantalum show a r e l a t ive ly  l i nea r  decrease i n  

values over t he  temperature range. In t he  neighborhood of 675' C, t he  

slope of the moduli curve f o r  the annealed Hf-Ta decreased indicating 

a smaller decrease of modulus per  degree temperature change. 

f e l t  that annealing effects were beginning t o  become prominent and even 

though t h i s  sample had been annealed previously f o r  2 hours, it did not 

have complete random orientat ion of the c rys t a l  structure.  

this temperature range t h a t  oxidation of the  specimen began increasing 

rapidly causing i n t e r s t i t i a l  contamination of t he  specimen. 

evidence of the annealing process becomj.ng a dominant f ac to r  i n  affect- 

ing the  temperature dependency of t he  moduli can be seen from the curve 

representing the  as received material. The slope of the average value8 

of the specimens which had no previous heat treatment and exhibited the  

most preferred or ientat ion decreased f a s t e r  in the  elevated temperature 

region than the  material which had previous annealing treatment. 

m o d u l i  of the  pure hafnium material were both higher i n i t i a l l y  than the 

hafnium-X)$ tantalum, however, they decreased at a faster rate u n t i l  

The p lo t  i s  

As can be seen, the  

It is  

It was i n  

Further 

The 
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0 PureHafnium 
A Hf -20 Ta annealed 1112% for 2 hrs 
@ As received specimens 

1 I I I I I I I I 
121 260 399 537 677 816 954 1093 

Temperature ! 

Figure 31. Temperature dependency of the  shear modulus of 
hafnium-20$ tantalum up to 1000° C in air 
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about 875' C at whicl ;ime the hafnium m o d u l i  dropped below those of 

the hafniun-20k tantalum alloy. 

Oxidation of t he  sample became a problem i n  all cases at elevated 

temTeratures. As can be seen f r o m  Figure 32, t h e  Hf02 coating f o m d  

on the specimen very rapidly at elem-Led temperatures, causing the 

sample t o  become out of round and d i s t o r t i n g t h e  signal. 

slowly, an outer scale of unprotective oxide i n  all cases could be 

s c r q e d  off readi ly  or s i q l y  fe l l  off. 

rod oxidized very l i t t le  on the surface after one run as shown by 

Figure 33. &en after four runs t o  looOo C and holding at  t h i s  t em-  

perature f o r  a t o t a l  of I 2  hours with cooling t o  room temperature i n  

betveen, the oxide coating did not span on cooling. 

Poisson's r a t i o  given by the  re la t ion  

On cooling 

In contrast, the pure hafnium 

Calculations for 

E 
2G 

p = - - l  

are only val id  f o r  an isotropic, homogeneom material. 'Ikese calcula- 

t ions were made Tor the as received material, however, this na te r i a l  

was highly anisotropic due t o  the  preferred orientat ion of the extruded 

rod. 

the samples tested at  elevated temperatures i n  air. 

calculations for the  vacuum annealed specimen 8 are more valid, as the  

specimen had 8 more random dis t r ibut ion of t he  polycrystals. 

specimen snowed an increase of Poisson's r a t i o  from 0.27 t o  0.32 from 

room temperature t o  850' C. 

10Wo i n  air, it was obvious thak oxidation ef fec ts  were causing a 

problem fn obtaining :.rue . . 2toperties. In  addition, the 

Figure 34 shows the average values of these calculations for a l l  

Poisson's ratio 

This 

Having conducted the series of tests up to  

- 
-- . 

? 
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Elastomat did not have the temperature capability to allow for charac- 

terization in the temperature region where it demonstrated its greatest 

potential. 

shown by Figure 13. 

Electric Company's Vallecitos Nuclear Center. 

Dr. M. 0. Marlowe, a noted authority in the area of dynanic elasticity 

measurements, this writer completed the vacuum high temperature elas- 

ticity and internal friction measurements in the California laboratory. 

It was therefore necessary to make use of the equipment 

This equipment was mde available by the General 

Under the guidance of 

Results of the series of vacuum high temperature tests are showri 

A graphical representation of the temperature depend- in Tables 12-16. 

ency of the elastic and shear moduli of the hafnium-20$ tantalum alloy 

is given by Figures 35 and 36. This represents shear moduli data from 

Table 13  and elastic moduli data from Table 15. A l l  specimens behaved 

similarly with temperature, these plots being typically representative 

of a fully annealed alloy. The elastic and shear moduli each show a 

relatively linear decrease with temperature up to about 1020° C at 

which time there was a sharp deviation in the slope of the moduli 

curves . 
One of the major interests of this study was to determine if this 

test could detect structural phase changes such as occurs slightly 

over 1000° C. This temperature range covers the a c PTa transforma- 

tion temperature as shown by the phase diagram. 

cycled through this temperature range several tines and in each case 

the sharp transition was noted and could be followed. 

the potential of studying elevated temperature phase transformation not 

readily available by other methods. 

The specimens were 

This indicateo 

The elastic modulus dropped 
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6 rapidly down t o  about 4.5 X 10 ps i  at  1600' C, however, results of 

Table 14 indicated a slower decrease i n  modulus beyond t h i s  point down 

t o  3.5 x 10 ps i  at  close t o  2000' C. 

became extremely weak at elevated temperatures and was l o s t  completely 

a t  times, however, the shear modulus was found t o  decrease t o  about 

6 2.5 X 10 ps i  a t  1400° C. 

6 The torsional signal always 

Data beyond that point i s  sketchy. 

The re la t ive  change of the  e l a s t i c  and shear m o d u l i  r a t i o  w i t h  

temperature f o r  the preoxidized specimen is  shown compared t o  the 

annealed hafnium-208 tantalum a l loy  i n  Figures 37 and 38. 
seen tha t  the moduli do not decrease as fast throughout the  temperature 

rangqnor  is t h e i r  change of slope as sharp at the 1020' C range. This 

could be the result of some s tab i l iza t ion  of the a Hf phase due t o  

oxygen contamination which a lso  contributed t o  lower in te rna l  f r i c t i o n  

a t  elevated temperatures t o  be discussed l a t e r .  

It can be 

The elevated temperature in te rna l  f r i c t i o n  was determined i n  

vacuum using the  forced resonance technique on the transverse resonant 

frequency as  previously described. 

be changed during the temperature measurement, therefore, a re la t ive  

internal  f r i c t i o n  parameter (%-I/%-'), the  r a t i o  of elevated internal  

f r i c t ion  t o  room temperature internaL f r ic t ion ,  was plotted t o  shcw its 

temperature dependency. 

shown superimposed on the e l a s t i c  modulus curve of Figure 35. A t  the 

lower temperatures the interrzil f r i c t ion  remained re la t ive ly  constant 

increasing s l igh t ly  up t o  around 800' C at  which time it began a r i s e  

upward. A t  1400° C 

the r a t i o  of elevated temperature internal  f r i c t i o n  t o  room temperature 

The sample support system could not 

This result is  tabulated i n  Table 17 and is  

A t  around 1050' C a very rapid increase was noted. 







Table 17. Elevated temperature internal friction ratio 
for hafnium-2Cg tan+,alm a l l o y  

SPECIMEN 5 - Vacuura anneaLed for 3 hr at llJ2' C and 2 hr up 

TEST CONDITIONS: 1 x 10-5 torr 
to 2000O c 

Temperature 
(OC 1 

Transverse 
res onant 
frequency 
(cycles/sec ) 

3; 
715 
793 
793 
859 
930 
980 
1013 
1052 
1091 
1144 
1237 
13a 
1403 

2039.8 

1809 
1794 
1784 
1767.1 
1758.3 
1745 
1732.8 
1715 6 
1609 
1442 
1356 
1232 

Frequency at 
t/2 amplitude 

below 

2039.5 

1808.2 
1792 
1781.8 
176b. 1 
1752.8 
1740.5 
1726.9 
1710.7 
1597 
1425 
1333 
1211 

Frequency at 
~/2 amplitude 

above 

201co. 1 

1813 7 
1799 
1789.6 
1772 9 
1762 8 
1750.7 
1738 7 
1721. o 
1624 
1461 
1379 
1256 

S1/Q-l 0 

i 

10.33 
13 26 
14.86 
16 93 
19-34 
19.87 
23-15 
20.10 
57.05 
84.87 
u5 . 18 
L33 37 
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was 133 t o  1. 

internal  f r i c t i o n  dis tor ted the signal and made absolute measurements 

impossible. 

the  pickup voltage out;;ut it was noted that around 150O0-16OO0 C, the  

output voltage h.yan increasing slight.ly and i n  some cases the 

Lissaious figure became less distorted.  This coupled w i t h  the  smaller 

r a t e  of change of e l a s t i c  modulus above 163C0 C could be an indication 

tha t  the  relaxation peak reaches a maximum i n  t h i s  temperature range. 

In a l l  cases the noise l eve l  coupled with the high 

Up t o  1403' C, no peak w a s  reached, however, on monitorir,g 

The high in te rna l  l r i c t i o n  noted i n  t h i s  temperature range i s  

l i ke ly  due t o  the grain boundaries behaving i n  a -.-i.xous manner with tne 

viscous behavior causing a diss ipat ion of mechanical energy. 

t r ibu t ion  at  around 1050° C can be a t t r ibu ted  t o  the  phase transforma- 

t ion  occwring i n  the  alloy, 'nowev%r, t he  visc0.a behavior is  probably 

the dominant fac tor  i n  causing the  s h a r -  decrease i n  e l a s t i c  and shear 

m o d u l i  which i s  similar t o  polycrystall ine aluminum a t  elevated tempera- 

tures demonstrated by Ke (1947). 

Some coli- 

Figure 39 shows in t e rna l  f r i c t i o n  measurements made on the 

Zlastoxwt i n  air as a function of temperature up t o  abo& P O o  C. 

plo t  of the in te rna l  f r i c t i o n  of an annealed a l loy  and one as received 

shows a s i m i l a r  temperature dependency with the  onset of the in te rna l  

f r l c t ion  peak occurring a t  a s l igh t ly  lower temperature f o r  t he  

annealed material.. 

A 

The in te rna l  f r i c t i o n  measurements f o r  the  prcoxidized specimen are 

shown i n  Figure 40. 

slower than the unoxidized specimen. 

50 percent thst of the  corresponding unoxidized alloy r a t i o  indicating 

It i s  seen t o  increase above 1050' C but much 

A t  1400" C t h e  r a t i o  i s  less than 
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that oxide contamination a t  the  grain boundaries i s  retarding the  

viscous behavior t o  a large extent. 

is  manifested i n  a more l i n e a r  temperature dependency of the e l a s t i c  

modulus as has been prev-iously discussed. 

This lower in te rna l  f r i c t i o n  r a t i o  

Annealing Behavior 

A s  room temperature dynamic e l a s t i c i t y  nieasurements indic8ted an 

increase i n  the  e l a s t i c  and shear moduli values of the annealed hafnium- 

20% tantalum alloy, an individual experiment was conducted t o  determine 

the e f f ec t  of time a t  the annealing temperature of Ill2 C. The sample 

w a s  brought t o  the annealing temperatures i n  two increments and held t o  

insure an equilibrium temperature w a s  reached. On reaching temperature 

of 1112° C within a %-minute time span, the temperature w a s  held 

constant and the  change i n  resonant t ransverse frequency was monitored 

as a function of time. 

transducer, which is a r e l a t i v e  indication of t h e  internal f r i c t ion ,  

was monitored. Results of these measurements are shown i n  Figures 41 

and 42. It can be seen from the  p lo t  of e l a s t i c  modulus r a t i o  versus 

time tha% the  annealing process causes 8 parabolic type increase w i t h  

t im with a level ing off  occurring f r o m  2.5 t o  3 hours at  this tempera- 

ture. 

t h e  e l a s t i c  madulus. Correspondingly, the  in t e rna l  f r i c t i o n  decreased 

rapidly during the  annealing process t o  about 50 percent of its or ig ina l  

value at  the  annealing temperature w i t h  a level ing off a t  2.5 t o  3 hours, 

similar t o  the  m o d u l u s  change. 

0 

Likewise the cutput voltage of the  pickup 

This resulted i n  a grea te r  than 6 percent over& increase i n  
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Phase Transformation St. .3y 

Svechnikov (1964) and Mash (1968) each reported the existence of 

a metastable non-equilibrium phase, alpha prime (a' ) , which could 
result from the rapid cooling from the p elevated tempersture equi- 

librium phase. 

from 1450' C down to room temperature. 

scope, conventional electron microscope, X-ray diffractometer, and hot 

Mash indicated formation of this phase by quenching 

"he scanning electron micro- 

stage metallograph were used to qualitatively access this transformation 

behavior. 

and etched with a diluted solution of HF-HN03 acids to bring out grain 

boundary and surface details. 

"he as received material as seen by Figure 43 was polished 

The micrographs indicated a typically 

two phase material. 

material indicated a structure primarily identifiable as an alpha (a) 

X-ray diffraction analyses on the extruded rod 

HCP structure. However, several cf the p tantalum peaks overlapped, 

therefore, it cannot be conclusively said that the sample was not the 

two phase equilibrium a + p tantalum structure. There were, however, 

no peaks which could absolutely be identified and indexed as being of 

a BCC structure. 

(101) HCP reflections yielded a, - 3.181 A, co = 5.051, with a c/a 

ratio = 1.588. 

Lattice prameter calculations based on (100) and 
0 

In order to obtain an X-ray pattern based on random 

orientation of the material and thus a more accurate angular represen- 

tation of the diffraction peaks, -200 mesh hafnium-20$ tantalum powder 

obtained by grinding up the extension ends left  over from production of 

the rod material was used. 

material contained symetrical peaks and was positively identified as 

The X-ray diffraction pattern on this 

a two phase a + p tantalum material. Lattice parameter calculations 
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fo r  the so l id  solution phase of tantalum i n  the  

based on the (200) Ef and (101) €Jf dl f f rac t ion  peaks yielded l a t t i c e  

dimensions of a. = 3.1968 A and co = 5.0614 A with t h e  c/a r a t i o  

of 1.583; t h i s  compares t o  Pewsons handbook of l a t t i c e  spacings of 

a. = 3.1946 and co = 3.0510 A f o r  pure hafnium whose c/a r a t i o  

= 1.3811. The only strong /3 tantalum peak ident i f ied  w a s  the  (110) 

peak which gave a l a t t i c e  parmeter  f o r  t h i s  sobid subst i tut ion phase 

of about 5.5 percent longer than the corresponding peak f o r  pure 

tantalum which has a l a t t i c e  parameter of Eto = 3.3058 

the  AS?M powder d i f f rac t ion  card. 

a hafnium l a t t i c e  

0 0 

0 

f3 

as given by 

Knoop microhardness measurements were taken across the surface of 

Using a 100-gm load, the  h o o p  hardness the as received specimen. 

based on average random readings on the  specimeu was found t o  be 464. 

Similar readings on an annealed specimen yielded a Knoop hardness 

of 238. 

The specimen was heated on t h e  hot stage metallograuh and photo- 

graphed at  500X magnification at each temperature interval .  

the specimen up t o  w e l l  within the  s ingle  phase 

tbere was no surface change noted up t o  1417' C. 

sample at  t h i s  temperature proved somewhat a problem as surface details  

began t o  fade. 

soak f o r  about 10 minutes, a t  which time the  power was reduced 5 amps 

with the temperature being reduced to  1287' C. 'The surface appearance 

of the specimen o5vioualy changed but  at  t h i s  magnification i n  the  hot 

stage it was not c lear ly  evident w h a t  t he  surface actual ly  looked l ike .  

This 1%' sudden decrease in  temperature produced a r ippled surface 

On heating 

p hafnium region, 

Radiation of the  

Once at  t h i s  temperature the specimen was allowed t o  
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appearance w i t h  t he  grain boundary detail  no longer c lear ly  defined. 

F i g u e  44 shows the change of appearance of the hafnium-20$ tantalum 

specimen as it went through t h e  heating and cooling cycle on t h e  hot 

stage. 

ning electron nicroscoge t h a t  a real clear observation of the phase 

t ransformtion could be recorded. 

t i on  micrograph of the specimen surface after going through the  heat 

t r ea t ing  and quenching process i n  the hot stage. 

t ion  is  typical  of a martensit ic diffusionless  phase t ransformt ion  i n  

which there  is  a shearing mechanism invo!-ved i n  t h e  c rys t a l  phase change. 

This shearing mechanism causes a rapid p l a t e l e t  formation i n  which the 

smooth surface becomes distorted.  

specimen and electron micrographs of 10, OOOX magnification were taken. 

Figure 46 shows the surface dis tor t ion.  

ments were made on the quenched hot stage specimen and t h e  average 

h o o p  hardness increased 2 percent t o  a -2eading of 474. 

represents a greater than 2 percent increase as annealing e f f ec t s  would 

l i k e l y  have caused hardness values t o  drop. Verification of the  struc- 

tural change was attempted through analysis  of tkLz X-ray d i f f rac t ion  

pattern. The c rys ta l  s t ructure  of the  heat treRted hafnium-tantalum 

specimen could be c lass i f ied  only as s ingle  phase hexagonal so l id  solu- 

t ion.  No peak re f lec t ions  coi id  be a t t r i bu ted  t o  the  f3 tantalum sol id  

solution structure.  

32.45, 28, a t t r ibu ted  t o  planes (100) of a HCP l a t t i c e ,  and at 37.2, 

28, from (101) planes, yielded l a t t i c e  dimensions of + = 3.183 A 

sfld co = 5.007 A with t h e  corresponding c/a r a t i o  of 1.573 A. This 

It was not u n t i l  reexamination of the specimen using the  scan- 

Figure 45 shows a 4gOOX magnifica- 

The surface dis tor-  

Carbon repl icas  were made of the 

Knoop microhardness measure- 

This l i k e l y  

Lat t ice  parameter calculations based on peaks at 

0 

0 0 
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indicates a shrinkage of t he  uni t  c e l l  vol-me f romthe  as received rod 

specime?. This c/a r a t i o  i s  ident ica l  t o  the; r a t l o  reported by .%sh 

(1968) fo r  the a' 

treatment at 1450' C, followed by quench t o  515' C i n  helium, isothermal 

treatment f o r  1000 seconds and water quenching t o  room temperature. 

phase, however, t h i s  phase was obtaided by solution 

A ver i f icat ion of t h i s  phase transformation was madis with another 

specimen. 

were obtained. 

heat treatment of t h e  hafnium-20$ tantalum al loy i n  the hot stage 

metallograph, one may conclude thst no transformation.; are v i s ib l e  

during the heating grocess, however, on rapiC cooling from the  p 

hafnium high temperature phase in to  the a + p hafnium regio t ,  a HCP 

phase i E  formed which i s  characterized bj surface d is tor t ions  typ ica l  

of those caused by a w f ; e n s i t i c  diffusionless  transfornation. 

A similar surface morphology and X-ray d i f f rac t ion  pat tern 

A s  a r e su l t  of the  visual  observations made during the  

S t a t i c  Oxidation Tests 

The results of s t a t i c  oxidation tests as a function of time at 

f ive  temperatures ranging from 1000° C t o  1700° C is  presented i n  Fig- 

ure 47. 

sponding percent weigh5 gained gives some insight  i n to  the manner i n  

which the hafnium-208 tantalum a l loy  oxidizes. 

reported a l inea r  behavior with time at  temperatures below 900' C 

charazterized by a non-protective oxide which readi ly  spalls. A t  

1000° C, the oxidation tests conducted i n  t h i s  program show an i n i t i a l  

parabolic behavior which i s  indicative of a d i f fus2m controlled p o -  

cess i n  which the  oxygen diffuses through the  dxide scale  as a function 

The weight gaincd per un i t  exposed surface area and the  corre- 

Previous studies have 
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of the square rcot  of the time. Similar parabolic behavior was noted 

i n  a l l  high temperature tests, the mount of oxiae formed on the sur- 

face increasing f o r  a given tinie as the temperature increased. 

t i on  rates appeared t o  become l inea r  after the  i n i t i a l  3 hours. 

appeared t o  be a t rans i t ion  i n  the rate of oxidation from the  1255' C 

and t he  1470° C tests. The oxide formed a t  the  temperatures of 1000° 

and 1255' C w a s  typical ly  white i n  nat-dre a t  the surface, whereas all 

specimens oxidized above 1470° C had surface oxides which were pre- 

dcminately blue/gray. 

a cracking 03 the  surface i n  patterns resembling grain boundaries. 

This cracking of the surface cjxide i s  probably a result of stresses 

set i n  the  oxide on fo rmt ion  and the  the rm1  shock of removing the 

specimen from the furnace t o  ambient conditions f o r  weigking and photo- 

macrographing. 

common with the exception of the  1688' C specimen. 

specimen w a s  uniform over the  sample, however, it also experienced 

cracking of t he  smface. Figures 48 through 5 1  qual i ta t ive ly  ::how tbe  

surface oxi3e formation as a function of t i m e  and temperature for  each 

of the test specimens. A s  the oxidation a t  the edges proceeded at a 

faster rate, the volume of oxide produced there  soon expanded t o  the  

point t h a t  it would f lake  off readily. 

Oxida- 

There 

The higher temperature oxidized specimens showed 

Preferent ia l  oxidation of the sample at  the edges was 

Oxidation on t h i s  

A cross section of the specimen whose oxide was formed a t  1688' C 

is shown by Figure 52. 

be seen from the scanning elect ion micrograph. 

t he  @Q-minute exposure w a s  approximtely 0.0006 inch thick followed by 

a subscale of about 0.001 inch thick. 

The different  e f s t i n c t  zones of oxidation can 

The outer scale after 

Owgen contamination of the 
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Other investigators have indicated the  possible existence of a 

complex oxide 6w02 %Os; if indeed it does ex i s t  i t s  patatern is 

very similar t o  that of a combination of monoclinic and tetragonal 

HfOe and it could not be posi t ively ident i f ied  by X-ray diffract ion.  

Surface morphology studies discussed later do, however, provide SOE 

possible evidence f o r  i ts  existence. 

Results of microhardness measurements on the high temperature 

1700' C specimen oxidized f o r  30 minutes indicated an average h o o p  

hardness of about 1040 using a 7OO-gm load on the surface, increasing 

t o  1225 using an 8OO-gm load E t  depth of 0.004 inch beneath the surface. 

A t  0.008 inch below the surface the hardness drops t o  685 using a 

5OO-gm.load decreasing down t o  a h o o p  harrdness of 500 at a depth of 

0.012 below the surface. 

0.004 inch below the surface showed increasing amounts of monoclinic 

Hf02 being present which agrees with W n o c h ' s  data (1965) i n  which he 

indicates that tantalum segregation depletes t h e  amunt  of tantalum 

oxide available t o  s t a b i l i z e  t h e  EP02 i n  the te t ragonal  structure.  

I n  order t o  learn  more about the protective nature of the oxide 

The corresponding X-ray pattern= f o r  each 

scale formed, t he  surface morphology was studied u t i l i z i n g  scanning 

electron microscopy techniques. Another series of s t a t i c  oxidation 

t e s t s  were conducted at similar temperatures t o  those used i n  t h e  Weight 

gain measurements. 

heating cycle with electron micrographs taken of the  surface. 

oxide coating developed on the surface, it became more d i f f icu l% t o  get 

good photographs. 

i n  a localized area'causing t h e  specimen to burn in that area. 

The sample was removed a t  various times dur ing the  

As the  

An electronic  charge would build up on t h e  specimen 

A 
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conductive coating put on those specimens which were not t o  be returned 

t o  t h e  furnace f o r  fur ther  heating proved helpful i n  preventing the 

electronic charge build-up. 

HfO2 

From t h i s  problem it i s  evident t ha t  the  

coating i s  a very e f fec t ive  e l e c t r i c a l  insulator.  

Figure 55 shows the individual oxide pa r t i c l e  formation a t  tem- 

peratures up t o  about 1600' C f o r  the first 3 minutes of heating time. 

These pa r t i c l e s  appear t o  have no par t icu lar  s ize  o r  shape and no 

individual grain or  c rys ta l  s t ructure  can be detected. 

random locations on the  specimen surface and gradually cover tile en t i r e  

surface as time a t  temperature increases. I n  contrast ,  however, a t  

temperatures approaching 170Oo-175O0 C, a def in i te  oxide c rys ta l  struc- 

ture forvlation can be detected. 

d i s t i nc t  needre oxide c rys ta l s  appear on the  surface as can be seen 

from Figure 56. 

Figure 56 some s in te r ing  o r  melting of the  oxide needles appears. 

Figure 57 shows the surface of another specimen heated f o r  30 minutes 

a t  1700' C. Examination of these miCrOgraFhS reveai s imilar  d i s t i n c t  

needle-like oxide c rys ta l s  over a portion of the surface. From these 

micrographs, it is seen that the  individual oxide c rys ta l s  have 

sintered together i n  some sectors of the  specimen and apparently 

melted forming individual grain structures with a smooth, glassy 

appearance characterized by a bluish/gray color. 

structure formed at  .temperatures approaching 1700° C i s  prGPably 

pa r t i a l ly  responsikle f o r  the  protectfve nature of t he  t i g h t l y  adherent 

oxide as it retards the  d i f f i s ion  of oxygen t o  the metail ic virgin 

m t e r i a l  below. 

They form a t  

A t  3 minutes heating a t  1740' C 

On close examination of the 55OOX micrograph shown i n  

'This closed pore 
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Evidence of internal  oxidation of t h e  hafnim-20$ tantalum 

specimen i s  shown i n  Figure 58. 

whisker below the  surface of t h e  specimen which burst through the 

surface wi th  considerable force as indicated by the  large hole i n  the 

surface and the raised area surrounding the whisker. 

graph of t he  t i p  of the oxide whisker shows a dense oxide with some 

granular appearance. It should be noted t h a t  whiskers such as t h i s  

one, formed during the 10-minute heating cycle at a temperature of 

1685~ C, could be detrimental t o  a protective coating. The hole f o m d  

by t h i s  whisker provides a more accessible route f o r  rapid diffusion of 

oxygen t o  the virgin inzterial below the  surface thus increasing the  

rate of oxidatiop 0, the  mterid. 

This  shows the formation of an oxide 

A 5500X micro- 

Figure 59 shi)ks the  oxide coating formed after 3 minutes at 

1150' C. No individual grain s t ructure  w a s  discernible on this white 

oxide coating which appeared t o  form as small island par t ic les  on the  

surface. 

noL coveyed completely and the  surface coating was not of uniform 

thickness. Large cracks developed i n  the  coating, however, it is  not 

known whether they developed during oxide formation o r  on removal from 

the furnace and subsequent ccol down t o  room temperature. 

Even a t  30 minutes at temperature t h e  top of the  specimen was 

The surface morphology studies indicate t h a t  at lower temperatures 

up t o  about 1600' C the oxidation k ine t ics  are such tha t  individual 

oxide needle c rys ta l s  are not formed; however, as oxidation takes place 

at  temperatures approaching 1700° Cy def in i t e  needle-like oxide crys- 

tb-s are formed. Ps a function of tine a t  temperatures between 3 and 

9 minutes, s inter ing takes place betweeu the  oxide crystals forming a 
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molten s t ructure  i n  which grain boundaries can be noted. 

point of Hf02 i s  2777' C and 185x1~ C f o r  tantalum oxide. A s  the tes t  

temperature did not exceed 1750' C t h i s  h d i c a t e s  t ha t  the oxide formed 

shows some visual  signs of fluxing at a temperature lower than the  

melting point of e i the r  constituent. 

the existence of the complex 6mo2 %05 

which could not be confirmed by X-ray diffraction. 

The melting 

This may provide some support f o r  

high temperature oxide 

A check of t he  phase diagram for ZrO2 and indicates t h a t  

i n  t h i s  system there  exist cer ta in  compositions at  which the  melting 

point, of the phases present is lower than e i ther  ZrO2 and %05. 



CONCLUSIONS 

The following are conclusions obtained from t h i s  investigation: 

1. The e l a s t i c  and shear moduli of the polycrystall ine hafnium-20$ 

tantalum al loy are lower a t  room temperature than the corresponding 

m c r l u l i  of e i ther  of the major coiistl'.tuents of comparable pur i ty  and 

specimen form. This negative deviation of a rule of mixtures is i n  

contrast  t o  a posi t ive deviation found i n  similar hafnium-278 tantalum 

alloy. 

2. Fabrication of hafnium-208 tantalum by the -pack extrusion 

This pre- process leaves the rod w i t h  a highly preferred orientation. 

ferred orientation i s  respc isible f o r  an a l t e r a t ion  of the mechanical 

properties of the materid. 

3. The e l a s t i c  and shear m o d u l i  of extruded hafnium-205& tantalum 

rod are lowered by t h i s  preferred orientation. 

recovered o r  increased on the order of 10 percent by vacuw11 annealing 

the a l loy  a t  U0Oo C f o r  4 hours. 

The m P u l i  can be 

4. The dynamic mchanical resonance technique affords an excellent 

method for studying the annealing behavior of metals and alloys. 

technique could be used for optimizing annealing time and temperature 

parameters fo r  obtaining desired mechanical pro, Erties. 

This 

5. The rapid decrease of elastic and shear moduli above 1020' C 

mt - 

t u r a l  material i i i  high temperature applications f o r  which it could best 

take advantage of i ts  oxidation resistance. 

usefulness of hafnium-& tantEllum as a load-carrying struc- 
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6. The sharp decrease i n  moduli above 1020' C denotes a s t ruc tu ra l  

phase t ransformtion and i s  accompanied by a large increase i n  in te rna l  

f r i c t ion  a t  t h i s  temperature. 

r e su l t  of the viscous behavior of t he  grain boundaries which i s  par- 

t i a l l y  responsible f o r  t he  rapid dec; *se i n  mechanical properties. 

The high in te rna l  f r i c t i o n  is l i k e l y  a 

7. Room temperature damping behavior of t he  hafnium-208 tantalum 

a l loy  is similar t o  other refractory metals such as molybdenum. 

8. The unoxidized hafnium-20$ tantalum i s  ductile,  however, 

p referen t ia l  oxidation a t  grain boundaries is responsible f o r  the  

b r i t t l e  behavior of oxidized material. 

9. The a. + p Ta + p Hf phase t ransformt ion  occurring i n  the 

hafnium-20$ tantalum system on heating i s  not v i s ib l e  by hot stage 

metallography. 

10. A martensitic-type, diffusionless  phase t ransformt ion  occurs 

on rapid cooling of t he  hafnium-20$ tantalum a l loy  from above 14000 C 

t o  1287' C. This transformation is  v i s ib l e  using hot stage metallog- 

raphy techniques and i s  c wacter ized  by shear d i s tor t ions  of the 

surface and an increase i n  hardness of the material, 

11. The oxide coating formed on pure hafnium up t o  1000° C i n  

s t a t i c  air i s  formed slower and is more adherent than tha t  formed on 

the hafnium-20k tantalum a l loy  at that temperature. 

12. Oxidation of t he  hafnium-20k tantalum alloy is  parabolic f ron  

1OWo C t o  1700' C f o r  times approaching 5 hours, however, it tends t o  

become l inea r  beyond t h a t  point. 

13. Internal  oxidation of the  hafniwn-20$ tantalum siloy at 

temperatures around 1700' C can result i n  whisker formations which 
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cause a break i n  the  oxide coating. These formations could be detri- 

iriental t o  an oxidation res i s tan t  taxing. 

14. Surface oxide formed a t  temperatures up t o  1400° C are pre- 

dominantly white i n  color and consis t  of monoclinic 

s tabi l ized tetragonal HfO2, and p-Ta205. 

W02, p a r t i a l l y  

15. Surface oxides formed at  temperatures above 1400° C are 

.t>lue/gray i n  color and analyzed as highly stabilized tetragonal 

with P-Ta2O5 present. 

Hf02 

16. An increasing amount of monoclinic €EOg is formed as oxi- 

dation proceeds toward the oxide-metal in te r face  i n  the  s t a t i c  oxidation 

of the a l loy  at 1700° C. 

17. Distinct; needle-shaped oxide c rys ta l s  are formed on the  

surface of the haf'nium-20$ tantalum a l loy  a t  s t a t i c  oxidation above 

1700' C. 

below t h i s  temperature. 

These needle-like crybtals  are not formed i n  the coating 

18. The oxide needles s i n t e r  together t o  form a smooth, molten 

"he formation of t h i s  coating as a function of t i m e  a L  temperature. 

coating at  temperatures belcw the melting point of e i t h e r  

Ta2O5 

oxide, 6m02 Ta205. 

W02 or  

provides some evidence of the  existence of a possible nomplex 

19. The WO2 coating fonned on the hafnium-20$ tant&!.um alloy 

at temperatures 5 1000° C q p e a r s  t o  be b r i t t l e  and t o  crack i n  thermal 

cycling from elcvsted temperatures t o  ambient conditions. 

20. The Hf02 coating appears t o  have excellent e l e c t r i c a l  

insulat ive charac te r i s t ics  as evidenced by the  electronic  charge build- 

up during scanning electron microscopy studiea. 
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21. Further developmental work is needed i n  inh ib i t i ng  the  rate 

of oxidation and strengthening the  hi@ temperature mechanical behavior 

of the a l loy  i n  order t o  r e a l i z e  its fuZ1 potent ia l .  

22. The cost  of the  alloy at the  present  time w i l l  limit i ts  use 

t o  a l l  but t he  most special ized applications.  
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