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ABSTRACT 

This program was carried out for the development of a fabricable 
columbium-base alloy with improved oxidation resistance and good 
strength properties at 2000°F and above for use as a blade material 
in gas turbine engines. 

Nineteen electron beam melted ternary alloys from the Cb-W'-Ta. and 
Cb-W-Hf syste~s within the composition range 10-25 percent tungsten, 
15-30 percent tantalum, 2-35 percent hafnium, were evaluated for 
fabricability, teneile and creep-rupture strength properties, and 
oxidation resistance. The composition Cb-15W-35Hf offered the best 
compromise in properties and was selected as the base for further 
alloying. A 1. 9 percent addition of r mium to this base did not 
enhance properties. Additions of 2 .8 percent cobalt and nominally 
5 and 10 percent titanium improved oxidation resistance but cobalt 
caused a pronounced depression in the solidus temperature and 
titanium reduced the creep--properties. Nominal additions of 1000 
ppm carbon and 500 ppm carbon with 500 ppm nitro~en were not effective 
in restoring creep-rupture strength to the quaterr.ary composition 
Cb-15W-35Hf-5Ti; an alloy containing approximately 2 percent each of 
aluainum and vanadium in this quaternary was 'the most oxidation 
resistant composition evaluated, but was not fabricated successfully. 

The columbium alloys studied in this progrtllD did not meet the total 
property requisites placed upon a material for blade applications in 
gas turbine engines. Although the oxidation resistance and tensile 
properties shown by several of the Cb-W-Hf alloys were noteworthy, 
additional work would be required to achieve a better balance in 
properties for these materials. 
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SECTION I 

INTRODUCTION 

The established tre11d in developnent of gas turbines is toward higher 
turbine inlet temperatures to obtain increased efficiency. The appli­
cation of refractory alloys in gas turbine blades and other parts 
would pennit higher operating temperatures than with conventional 
nickel- or cobalt-base superalloys. A columbium-base alloy possessing 
an attractive canbination of fabricabili ty and high-strength properties, 
together with relatively good inherent oxidation resistanc~, at a tem­
perature of 2000° F or above would be expected to find significant ap­
plication in gas turbine engines, and would be of considerable benefit 
to th'! advancement in perfonnance of such engines. 

Earlier work on the developnent or columbium-base alloys emphasized 
studies for improving oxidation resistance, but the alloys that were de­
veloped generally lacked either adequate fabricability or adequate 
strength properties at elevated temperatures. Since then, major emphasis 
has been placed on developnent or columbium-base alloys po&sessing ex­
cellent fabricability and weldability, along with moderately good strength 
properties, for use as sheet materials in aerospace applications. Oxi­
dation resistance for these alloys has been achieved through the use or 
coatings, but not with 100 percent reliability. Ir columbiwn alloys 
could be developed that exhibited improved oxidation resistance, coating 
failure would not be as serious a problem am a coating-substrate system 
would be more reliable and resistant to catastrophic failure. It ·ns 
the purpose or this program to apply existing infonnation relative to 
the oxidation behavior and mechanical properties of colunbium-base alloys 
toward the developnent of improved canpositions possessing the desired 
combination or properties necessary for application in gas turbine 
engines. 

This program had as its obJecti ve the developnent of at least one 
colu·.!bium-base alloy with the following characteristics: 

(1) Oxidation resistance equivalent to that of TD nickel at 
2000°F (about 1 to 2 mils loss per side in 100 hours); 

(2) Ability to the fabricated; 

(3) Good short-time strength properties with a minimum tensile 
elongation of 5 percent at room and elevated temperature; 

( 4) A tensile transition temperature not higher than ~0° F; 
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( 5) A density compensated rupture - strength better than 60, 000 
inches for 100-hour life at 2000°F (approximately equivalent 
to 20,000 psi rupture strength at a density of 9 gm/cc); 

(6) Good thermal stability. 

This report describes the results of preparing and evaluating, in light 
of thr. 1, · ,gram objective, a large number of Cb-W-Ta and Cb-W-Hf ternary 
allJYs and several more complex alloys based upon the composition 
Cb-15W-35Hf with additions or rhenium, titanium, cobalt, vanadium, 
alumimun, carbon, and nitrogen. Following a summaey or the program in 
Sectic:m II, the basis for alloy selection and the experimental program ( 
are outlined in Sections III and IV. Section V covers alloy prepara-
tion, including melting and casting, fabrication, heat-treating, and . 
phase identification studies. The description or melting and casting 
techniques reported in this section is quite detailed since consider-
able effort was devoted to this portion of the program. Mechanical 
property and oxidation evaluation or the alloy.a are reported separately · 
in Secticr,s VI and VII. Since results are discussed as they are pre­
sented 1n this report, the discussion or the program in Section VIII 
provides 1eneral commentary concerning the results 1n relation to the 
objective or the stud1. con~lusians and recommendations are presen~ed 
in Section IX. The tables are collected in the Appendix followed by a 
listinl or references and a bibliography. 
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.SECTION II 

SJMMARY 

The .objective of this progrwn was the development of a fabricable 
columbium base alloy with improved oxidat ion res i s tance and good . 
strength properties . at 2000°F and above for use a s a blade material 
~n g!].s turb;ne engi_nes. , 

Two alloy systems were selected for study: Cb-W-Ta within the composition 
range 10-25 percent tungsten, 15-30 percent tantalum; and Cb-W-Hf within 
the composition range 10-25 percent tungsten, ·2-~5 percent hafnium. 
Evaluation of these alloys led to the se lection of the composition Cb-l5W-

. · 35Hf ·as a base for further alloying s ~nce this· ternary offered the best 
compromise in prope·r.ties. Additions made t o this base, both s ingly and 
in. combinations, to determine their effect on property enhancement in­
cluded the elements: rhenium, titanium, cobalt, aluminum, vanadium, carbon, 
and nitrogen. 

Melting proce,dures for the alloys became quite involved. Nonconsumable 
and consumable arc melting, an~ electron beam melting, or their combination 
were used depending upon alloy composition. Where volatilization of an 
addition, such as titanium or alumirrura, was a problem, the f inal ingot of 
the alloy was prepared by consumab 1 ') arc me 1 ting under an inert atmosphere ; 
otherwise, electron beam melting 11as used. 

The oxidation behavior of the Cb-W-Ta and Cb-W-Hf alloys was found to be 
significantly different. It was found that 0.10-inch trick specimens of 
all the Cb-W-Ta alloys were completely penetrated by oxygen thro~gh oxide 
formation and contamination within 20 hours at 2000°F. On the other hand, 
for the same specimen thickness, alloys of the Cb-W-Hf system with moderate 
amounts of tungsten and fairly large amounts of hafnium contained unaffected 
metal even ~fter an, exposure of 65 hours at 2000°F in flowing air. This 
improved oxidation resistance of the Cb-W-Hf alloys resulted from a uniform, 
slowly advancing, internal oxidation front promoted by a high hafnium con- · 
tent, o.nd an influence of tungsten in affecting the kinetics of internal 
oxidation and scale formation. 

Although the composition Cb-15W-35Hf offered the bes t compromise in prop­
erties of the ternary alloys invest,igated, improvement s in strength, 
ductility, and probably fabricability would be required for turbine blade 
applications • 

Mechanical property tests on the composition Cb-15W-35Hf in the extru~ed, 
forged, and recr,ystallized condition showed the alloy t o be brittle at 
room temperature with an ultimate tensile strength of 100,000 psi, whereas 
at 2000°F, an ultimate tensile strength of Do, 000 psi, a yield strength 
of 70,000 .r.'si, and an elongation of 5 percent were obtained. 

3 



However, i t was indicated that ductility can be improved by suitable thermal 
mechanical pr cess ing since t he all oy showed a tensile elongation of 15 per­
cent at 00° F in the s tress relieved condition. 

Creep-rupture behavior of this basic ternary at 2000°F arid 20,009 psi did 
not prove t o be outs tanding. Time to l percent plastic strain was 22 hours. 
Failure occurred in 132 hours, but elongation at failure was high, 36 per­
cent. It was apparent, as evidenced by recrystallization accomp~ing the 
tests, that the high elongations were caused by structural instability from 
high dif!\lsion rates. Therefore, improvements in creep properties could' be 
expected by effecting an increase in the recrystallization temperature. 

FUrther alloying of the Cb-15W-35Hf base with titanium, cobalt, aluminum, 
and vanadium enhanced oxidation resistance, r<Ut at the expense of other 
properties. For example, it was found that for titanium additions of nomi­
nally 5 and 10 percent, total penetration (metal loss plus depth of con­
tamination) or these two· alloys after oxidation ror 65 hours at 2000°F was 
approximately 20 mils as opposed to 30 mils for the ternary base under the 
same conditions. However, both titanium-bearing alloys were veey much 
weaker in creep-rupture behavior -- the time to l percent plastic strain 
at 20,000 psi and 2ooo•F being less than 1 hour. compared with 22 hour.a for 
the base • FUrthermore, additions of approximately 500 ppm nitrogen plus 
500 ppm carbon and 1000 ppn carbon to the :nominal COIJ!position Cb-15W-35Hf-
5Ti were equally ineffective for improving the creep-rupture strength of the 
titanium-bearing alloy. Strength might have been benefited more by a l)i­
trogen and/or carbon addition to · the basb ternary ·at some sacrifice in 
oxidation resistance through the e_l:lmine.tion of titanium. · · 

A 2.8 percent c1)balt additio:n to Cb-15W-35Hf was quite effective in im­
proving oxidation resistance for up to 20 hours at 2000°F, but scaling 
rapidly increased after this time. and t',)tal penetration ·was approximately 
the same as the ternary after 65 hours. The short-time 1,.mprovement in 
oxidation resistance noted for the cobalt-bearing alloy was offset by a 
pronounced depression in the solidus temperature for this canposi tion. 

The most oxidatiQn resistant composition evaluated for times up to 65 hours · 
at 29(>0°F was the alloy containing approximately 2 percent each of aluminum 
and vanadium in the nominal base Cb-15W-35Hf-5Ti. However, this material 
was not fabricated successfully. 

' 
A 1~9 percent rhenium addition to the Cb-W-Hf basic ternary did not en-
hance properties. The rhenium-bearing alloy was more susceptible " to 
cre,oking during hot forging, and showed no improvement ir. oxidation re­
sistance at 2ooo•F with total penetration as the criterion. ' Also, this 
alloy was not app~eciably more creep resistant than the Cb-15W-35Hf base 
for elongations up to 10 percent when tested at 2000°F and 20,000 psi. 

The columbium alloys studied in this program do not meet the to'.al prop­
erty requisites placed upon a material for blade applications in ~as 
turbine engines, 'but the imptovement in oxidation resistance shown by 
several of the Cb-W-Hf alloys was notewortey. This can be seen from the 
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data in Table I showing a comparison between the oxidation resistance of two 
of the better alloys evaluated and several other columbium alloys. Likewise, 
strength properties are compared in Table II. Consideration of these data 
demonstrates the well known fact .that alloying for the benefit of a partic­
ular property is usually done at the expense of another. I t is eviJent that 
additional work would' be req.lired to achieve a better balance in these 
properties for the Cb-W-Hf alloys • 
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E T n 

ALLC,'Y L T 

This program was carried out for the ev l o fabr i able columbium 
base ,u.loy with improved oxidation resi tan~e an o strength properties 
at 2000•F and above for application in as turb ne en ines . S lection of 
the compositions investigated was based upon reported effects of alloying 
additions on the oxidation res,istance and strength of columbium. Con­
sideration was given also to the compg itions of the more popular second 
generation aolumbium alloys. From this review the ti() basic systems, 
Cb-W-Ta and Cb-W Hf, were selected for investigation. The rationale f r 
selection or these systems is included in the discussion below. 

A considerable amount or l()rk has been done in determining the ~ffect of 
individual alloying additions on t?e oxidation resistance of co bium. 
:n mall¥ investigations binary, ternary, and even more complex all ys of 
colUllbiwn were investigated for their oxidation characteristics. 

In a review or the re,ction of the refractory metals with common gase, 
Baccm and Moanteldt(lJ attempted to ·generally outline the effect of binary 
alloying additions on the oxidation resistanwe of columbium. From their 
summary the following general trends were noted: binary alloying ad­
ditions or up to 20 percent aluminum: l to 35 percent iron, titanium from 
about 3 to 50 peraent, 10 percent tungsten, and up to abwt 10 percent 
vanadium were aucaessrul in improving the oxidation resistance of colum­
bium. These authors also concluded that ternary alloys such as Cb-SK;r-5Al, 
Cb-4ocr-13Al, and Cb-24Fe-22Al showed pranise as o~idation-resistant com~ 
positions. 

Sims, et al( 2 ) studied the efffct of binary alloy additions on the oxidation 
and contamination resistance of columbium. They investigated additions of 
titanium, chromium, zirconium, vanadium, molybdenum, tantalum, tun sten, 
beryllium, boron, oobalt, iron, manganese, ni.ckel, and silicon. In oxi­
dation tests and contamination studies of samples exposed in air at 1112, 
1472, and 1832•F, four elements (titanium, vanadium, mo~bderum, and 
chromium) were found to give the greatest improvement in oxidation re­
sistance. con.tamination, as determined by hardness penetration measure­
ments on oxidized alloys, was reduced most markedly by zirconium and 
titanium. Chranium and vanadium also were effective in reducing oxygen 
diffusion into columbium. 

In an evaluation or the o>:!d{ltion resistance of binary and ternary co -
lnmlt1m-base alloys, WlodekC 3) and others concluded that alumirrum, chromium, 
iron, titanium, vanadium, and zirconium are effective binary additions 
for increELSing the oxidation resistance of ~e columbium. Additions of 
cobalt, molybdenum, tin, tantalum, and thorium also improved the oxidation 
resistance, but to a lesser degree. 
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) also inv h oxidation pr pertie f various alloys of 
the b-Al- t rnary syst m. rtain c iti ns showed xidation r1J-

istan e nslder bly im r v over th t of ~lumbium, and these improve­
ment were attributed to th s tabllizatl of a sub xide. Thia oxide 
formed a stable adherent f.'.lm which greatly slowed the rate of oxidation 
of the alloys and reduce ub tantially the amount of spalling that 
o curre • Of the all ys inve tigated, the vomposition Cb-3Al-3V was 
most signlfl ently im roved in xidat.ion resistance over that of pire 
columbium. 

abitz·e, et al( 5 ) studied a large number of olumbium-base alloy com­
positions for mechanical properties and oxidation behavior. On the basis 
of weight gain measurements in air, alloy compositions of Cb-24.3Hf~.31, 
Cb-25.3Hf~.7W-4.5Ti, and Cb-24.3Hf-16.7W-4.3Ti showed att~active oxi­
dation resistance. 

Rapp and Goldberg(6) studied the oxidation kinetics or ct-Zr and Cb-Zr-Re 
allays in oxygen at 1832•F. The alloys were within the composition range 
Cb-{l0-40)Zr and Cb-(10-27)Zr-(4-18)Re. Results or this work showed the 
scaling of the binary alloy, Cb-lOZr, to be about 2.} times greater than 
that for Pll"e columbium; rut with increasing zircouium content, the 
scaling rates were reduced to values below that f-lr pire oolU11biU11. This 
composition dependence of the scaling rate was p·atially attributed to 
the effect or the intemal oxidation prooess as an internal sink for 
OQ'gen, with the formation of voluminous, and relatively impermeable 
z~2 precipitates. Rhenium addt t ions to binary Cb-Zr alloys caused a 
recmction in the thickness of tbe internal oxidation zones and the 
fol'll8tion or a more adherent and 1111ch less prJrous external soale re­
sulting in a decrease in the kinetics of scale formation. 

In the. following brief review of the effects of alloying additions on the 
stren,th or colU11bium, the assumption was made that the trends noted are 
general)¥ accepted, and that most investigators are in agreement on the 
relative eff'.ects of these elements on the mechanbal properties or co­
lWDbha. 

Tungsten is the most conman alloying addition made to columbium since it 
is completely soluble and serves as a solid solution strengthener. Tbe 
higher melting point of tungsten enhances the elevated-temperature strength. 
or columbium-tungsten alloys by raising their melting temperature. Moqb­
del'Ulll has an effect ver;y similar to· that of tungsten on the mechaniad 
properties of columbium. Tantalum has ess~ntially the same atomic size 
as colWDbium and therefore produces very little solid solution strength­
ening, but slightly increases the elevated-temperature strength or oolumbium 
by raising ~ melting point or the alloy. 

Titanium offers strength improvement when added to columbium because of 
atomic misfit, but when added in quant!ties 1111ch above 5 atomic percent 
causes a decrease in the' elevated-temperatur~ strength of columbium, 
because it lowers the melting point and the recrystallization temperature 
of the alloy. Vanadium nas the largest atanic misfit with columbium, and 
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therefore is the most potent strengthener of columbium on an atomic percent 
basis. However, i ~ detracts from the elevated-temperature strength of 
colwnbiwn in the same manner as titaniwn when present in large amounts • 
Zirconium is a potent strengthener of columbium when added in small amounts 
because of · its atomic misfit, and also because of its tendency t o form 
interstitial canpounds with the carbon, oxygen, and nitrogen present in 
the columbium. These compounds contribute to the trength through pre-
cipitation hardening. Zirconium has a l ow meltin int in comparison 
to oolumbium, and therefore large additions of zirconium to columbium 
also detract from the elevated-temperature strength. Hafnium, a re­
active metal similar to zirconium, has a similar effect on the mechanical 
properties of columbium. The melting point of hafnium is above that of 
zirconium, and therefore, it does not have as drastic an effect on the 
melting point of the alloy as does zirconium. 

The effect of rhenium on the mechanical properties of columbium i s less 
well known because the relatively high oost of rhenium has prevented its 
exploitation as an alloy addition to columbium. Chromium additions to 
columbiwn add solid solution strengtru.-•. ing but columbium-chromium alloys 
above a few percent chromium content are brit~le in behavior and, there­
fore, oot of practical interest. 

An appreciation. or'the various alloying additionc to columbium can be ob­
tained by referring to nominal compositions or several of the more popular 
seoond generation columbium alloys. These composi t1 ons a.""8 listed in Table 
II: . An addition of tungsten at about the 10 weight percent level is com­
mon to all of the alloys produced except one, the B~ composition which 
has 5 weight percent molybdenum. Zirconium is present in all of the 
alloys except one, at a level of l to 2. 5 percent. Tant alum is added to 
two of the alloys, and hafnium to one, while carbon at the 0.1 percent 
level is also present in two of the alloys represented in this table. 
These alloy compositions evolved from a great deal of experimental work 
covering a span or several years. Thorefore, it appeared reasonable that 
certain.of the additions used in these second generation alloys be con­
sidered as additions for the compositions studied on this program. 

Noting the trends in the alloying behavior of columbium with various 
elements and the effects of these elements on the strength and oxidation 
resistance of columbium alloys, two basic systems, Cb-W-Ta and Cb-W-Hf, 
were selected for stuey. It was believed that the addition of tungsten in 
the range of 10-25 weight percent waild be requ1red for~lo~ing strength. 
Tantalum in the range of 15-30 weight percent was considerea-a,., desirable 
ternary addition for fabricability, and perhaps imparting some improvement 
to elevated temperature strength properties and oxidation resistance. 
Hafnium was selected as the other ternary addition in the range of 2-30 
weight percent f~,r buf.'efUlly improving oxidation resistance in the same 
manner as attriblted to zirconium in the work of Rapp and Goldberg.(6) 
Hafnium was preferred to zirconium as an addition because of the prob­
ability of hafnium having a less deleterious effect on strength when 
large additions were made. 
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Originally it was intended that as a result of screening tests for fabric­
ability, me hanical propertieJ, and xidation resistance, an optimum com­
position would be h sen within the above mentioned composition limits of 
the two sele ted ternary sy tem which, could be further alloyed for enhance­
ment of pl'operties. H wever, from these initial tests it beoame evident 
from the better oxidation resistance of the Cb-W-Hf alloys that this system 
offered more promise f r meeting the program objective. At this point work 
was terminated on the b-W-Ta alloys, and the range of investigation of 
alloys of the Cb-W-Hf system was extended to tungsten contents less than 
10 weight percent and hafnium contents up to ,5 weight percent to better 
establish an optilllUID base. Subsequently, the composition, Cb-15W-35Hf, 
was selected as exhibiting the best compromise in properties. 

Other elements and their conc.;entrations selected for determining their ef­
fect primarily upon the QXidation behavior of the basic ternary, Cb-\5W-
35Hf, included the following: 2 weight percent rhenium, 3 weight percent 
cobalt, and 5 and 10 weight peroent titanium. Evaluation or these four 
alloys led to selection or the quaternary composition, Cb-15W-35Hf-5Ti, 
for turtber alloyilli with 2 weight percent aluminum in combination with 
2 wei1ht percent vanadium, 0.05 weight percent carbon with 0.05 weight 
percent nitroeen, and 0.l weight percent carbon. Aluminlm and vanadium 
were oonaidered desirable additions for promoting further improvements 
in oxidation resistance, and carbon and nitrogen for enhancing strength. 
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• SECTION IV 

EXPERIMENTAL PRO RAM 

This section presents a general outline of e~perimentation followed 
during the course of this program; a detailed description of experi­
mental procedures is presented in the m.bsequent sections which treat 
individually the various aspects of the program, i.e. preparation and 
evaluation or the alloys. 

This alloy developnent program was of the type designed for screening 
materials for their ability to meet a specific objective, and the pro­
cessing procedures for the twenty-six alloys studied were closely aligned 
to production practice precluding the use of "button" melts for the 
evaluation or the various compositions. All of the alloys wer.e cast as 
cylindrical ingots weighing approximately five pounds eacb. 

Following the preparation or the alloy ingots, specimens from top and 
bottom were chemically analyzed, metallographically examined, and tested 
for room temperature hardness. The ingots were then conditioned for 
primary fabrication which was accomplished by extrusion or swagil ~. 
Secondary fabrication was usually performed by forging; however, t1.ree 
very fabricable compositions, Alloys No. 1 (Cb-10.3W-15.6Ta), 2 (Cb-9.8W-
28.3Ta) and 6 (Cb-9.Bw-l.6Hf), were reduced to final size by swaging 
alone. Six alloys, two from the Cb-W-Ta system snd four from the Cl>-W-Hf 
system were given no secondary fabrication. A recheck of chemical ana­
lysis was run on many or the alloys following fabrication. 

Heat-treating studies were performed on the fabricated alloys to establish 
an annealing temperature to recrystallize the mate,rius prior to oxidation 
and mechanical property evaluation. Hardness mt:asur.ements and, primarily, 
metallographic examination were used as the criteria for recrystallization. 
Work was carried out to identify the phase precipitated in a typical Cb-W­
high hafnium content alloy as well as the phases round in three more com­
plex Cb-W-Hf alloys containing additions of nitrogen, Q&rbon and cobalt. 

Tensile properties or the recrystallized alloys were measured at room 
temperature, 2000•F, and in some cases 2200°F. Other tests, above and 
below room temperature, were performed to obtain an indication of the 
tensile transition temperature or a few or the alloys. Creep-rupture 
evaluation at 2000°F was performed on selected Cb-W-Hf ternar.1 alloys 
and on the basic composition or nominally Cb-15W-35Hf containing additions 
or rhenium, titanium, carbon and nitrogen. An indication or thermal 
stability r,as obtained for the Cb-W-Hf type alloys from hardness measure­
ments <:£ the uncontaminated areas or the post-test oxidation specimens. 
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The alloys were evaluated for their oxidation resistance at 2000 and 2200•F 
for times or two and/or twenq hours. Some or the IION oxidation resistant 
Cb-I-Hf c011po1it1011a were teated for times or sixty-rive and one-hundred 
hours at 2000•F. Meuureanta included weight gain, •ount or metal loss, 
and depth ot cont•ination. 

A su•ary or tbe general experimental sequence used for the pro,.:essing 
and evaluation ot tt-.e various alloys is shown in the flow diagram in 
Figure 1. 
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Raw Materials 

-Ingot Preparation 
- - - - - - - - - - - -

Electron Beam Melt 
Consumable Arc Melt 

- - - - - - - - - - - -
C emical Analysis 
Microstructure 
Hardness 

' Primary Fabrication 
------- - - - - -

Swaging 
Extrusion . 

• 
Secondary Fabrication 
------ ------

Swaging 
For,dng 

• 
Heat-Treating Studies 
- - - - - - - - - - - -

Microstructure 
Hardness-

I Phase Identification Studies 
- - - - - - - - - - - - - - -

X-ra:y Diffraction 
Microprobe Analysis 

. I 

. I Recrystallization Heat-Treatment I 

- • J • Oxidation Evaluation at Thermal Stability at Mechanical Property Evaluation 
2000°F and 2200°F 2000°F - - - - - - - - - - - - - - -

- - - - - - - - - - - - . ------ ------ Tensile Properties at , 
Weight Change Hardness -80°F , RT, 2000° F, 2200°F 
Metal Loss 

Creep-Rupture Pr operties Contamination at 2000°F 
• 

Figure 1. outline of Experimental Program . 
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SECTION V 

ALLOY PREPARATION 

This section presents the procedures for and results of the preparation 
of the alloys studied in the program. Included are a description of the 
melting and casting techniques utilized, the fabrication methods, and 
the results of studies for determining a recrystallization heat-tre~tment 
for each alloy prior to mechanical property and oxidation evaluation. 
In addition, the results of phase identification work carried out on 
several Cb-W-Hf type alloys are presented. 

5 .l MELT STOCK 

A listing of materials used as melt stock for the alloys is presented in 
Table IV. Vendors' analyses are also shown. The columbiwn, tungsten, 
and tantalum were bett<:r than 99.5 percent pure; but the hafnium con­
tained 2.6 to 3.9 percent of zirconium. Therefore, it is to be under­
stood that zirconium is included in the composition of the hafnium­
bearing alloys up to approximately 1.4 percent, although the zirconium 
analyses are not reported. The source of vanadiwn and aluminum required 

· for Alloy No. 28 was an electron beam melted 63Ti-37V alloy imd alumirrum 
wire, 99.9 percent pure. Rhenium added to one alloy was in the form of 
-325 mesh powder, and cobalt to another was in the form of strip. These 
two alloying additions were of coomercial purity. Graphite tape was used 
for adding carbon to two alloys. 

5.2 MELTING AND CASTING 

For each of the alloys studied, an ingot weighing approximately five 
pounds was prepared. Mel ting procedures blcluded nonconsumable and ' 
consumable arc melting and/or electron beam melting, depending upon the 
composition of the alloy. In those cases where volati1ization of an alloy 
addition such as titanium or alumirrum was a problem, the final ingot of 
the alloy was prepared by consumable arc melting under an inert atmosphere; 
otherwise, electron beam melting was used. Details of the various melting 
procedures are included in the sections which follow. 

5~2.l Cb-W-Ta Ternary Alloys 

The method first proposed for, preparing all of the alloys for the 
program involved a three-step operation: (1) preparation of buttons by 
nonconsumable arc melting, (2) remelt~g _of the- buttons in the non­
consumable arc furnace and drop-casting into cylindrically shaped ingots, 
and (3) Joining the drop-cast ingots to form an electrode for consumable 
arc melting to produce the final ingot of each composition. Drop casting, 
for the most part, proved to be impractical, as will be discussed later, 

15 



! 

+ 

WATEa.NLET 

DPl'USION PUMP 

WATE,- COOLED 
ELECT.-ODE 

--WATE" cooa.eo SHELL 

___ .,.._ MELTN8 CUP 

TO ATMOSPHE.-E 

A.-eoN NLET 

MECHANICAL 
PUMP 

Figure 2. Schematic Diagram of Non-Consumable Arc Melt,ing Furnace for 
Consolidating and Drop-Casting Alloy Buttons. 
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in the program when an electron beam 

5. .l .l p t ing 

hemati di agram r the n noonsumable aro turnane u•d to acooapliab 
bu t t n preparati n and dr p-cutl.ng or the Cb-1'-Ta alloys is abown 
i gure 2 . he water-cooled bue plate or the turnaoe aaoo•adated 

th c pper melting oups and dr p-caat mold pictured in FicUre , : The 
i n ide r the oups was tapered, ~ .0-inab diMeter at the top by l .O­
inch diameter at the bottom by l.25-incb deep. The 110ld wu a split 
ylinder, 1.875-inoh outside diaeter bJ 0.75-inch inside di-ter by 

5 .0-inch deep. Power t o the rurnace wu supplied by two direot aurrent 
wel ding maoh.ines oonneoted in parallel providinl a total or 2500 aaperes. 
efore each melting operation, the turnaae -,a evacuated to at lyat 

5 x 10-3 11111, flushed onoe with hlih pirity arcon, re• vaauated, then baak-
r illed wl th 127 11111 ( 5 inabes) or the inert caa • 

. 
For a Qfpioal Cb-I-Ta drop-cut incot, the total aharp, wipd to the 
L9l teaded 0011posi tion, IIIOWlted to l. 5 pounds. In preparine the NMl t 
button for drop-aaatinc, portions or the ooluabiua and tantala strip, 
which bad been sheared into 0.5-inab squares, and tun,aten powder wre 
pl aK:ed in altemate lqer1 in the ocnaolidattnc aup (A in Flcure ,> and 

•lted. At least tour separate obarclnl and •ltilic operation• wre 
.. ·~ ired to "build" the bltton. Followine the lut addition, the wtton 
, .11 bollocenized bJ •l tinl twioe more - on,e on eaah lid•. The oomoli-

11 .t,lnc aup wu then replaced by tbe reaelt oup (B 1n w:-iaure ,> tor oon­
·•ininl the button. The oupa oorreaponded •'ezoept tor the o. 75 to 1.0-

. . !h d11Mter flow-throu&b bole at the bottom ot the reaelt oup. Poai-
. l'\td l)eneath tbla oup wu the drop-out 110ld' ( C 1n Ftcure ') • Arter 
. ,•aaUi&it :\I and baoktillirc the turnaoe, the but ton wu puddled; then 

· ,. h • •·11 ld inc~aae in powr to the turnaoe and oaretul • anipllation 
.J· t \ ~'Oi \hit button wu •lted throup and out into the 110ld below. 
' ii\., l h t!l Uled in t~ reaelt oup. 

1.1 · ,. . i the ·•b<we , proce~, uteriala aioh u niokel and ooluabiua oan 
, ,, ·,asil.Y drop-cut into an lncot, 0. 75-lnah diMeter by 5 .0-inch lone. 
- .. p-cllting beo011es 110re ditriault u the •ltlna point or tbe uterial 
4.llcreaaes and it, was not possible to 0011pletely till a mold or the size 
de rlbed above with the Cb-I-Ta alloys. Hawver, inaot• up to ,.5-inch 
l ong oould tie •out. (Cofper plucs lbown adJaoent to the drop-out aold 
in Figure , were inaer\ecl at the botto• to adJuat mold lenct,h.) !Daplea 
f o.75-inoh diameter by 2.5 and ,.5-inah lone 1Jicots or Cb-259-,ata are 
h wr. in Figure 4. Melting data tor tbe 2.5-incb 10111 inCOt are preNnted , 

in T bl e V. Typioally, . ingot •liht wu on the order .or 50 percent or 
less or charge •weight. or c~se, the alloy skull reu1nlnc 1n the l'ellelt 
cup was reolaimable. · 
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Neg. No. 20421

Figure 4. Drop-Cast Ingots of Cb-2SW-50Ta, 0.7^ Inch Diameter ty 
2.5 and 5.5 Inches Long.
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ir d r r t h r inal ingot f a given alloy 
1 di d n t pr vet be a pPactical method 

l t wh i ch pr ached this weight. For example 
!' Alloy l • l ( h-10.3W -15.6Ta ) shown in Figure 5 

i " o r are a s i ngle drop-casting, a minimum 
r ti n wa r e uired, in other words a total 

r t i o · for the nine dr p-cas tings. In addition, 
•; s i n urre in machining the hot tops of the drop­

onf mn t o th i ame ter of the ingot bodies prior to welding 
l t r ode . use of these problems, electron beam melting 

was phased in t th pr n-am, thereby elhtnating the need for drop-casting 
as step in the pr e ar ti n or final ii' ~ots . As previwsly mentioned, the 
remelt e l ~tro e r the b- W-Ta alloys prepared by the drop-casting method 
served s t he t ck r r el e tr n beam melting of the final ingots of these 
alloys . El ec tr n beam melting proved faster and assured better quality as 
will be de cri bel ow. 

5 •• 1.2 El ec t ron eam Melting 
.. 

An exteri r vie w f the 100 kw electr ll'l beam melting t'Urnace is shown 
in Figure 6. The c ntr l panel at the l~ft in Figure 6 contains the main 
power meter s , gun and magnetic coil controllers (left), vaOUWll gages and 
vacuum system diagram with valve switches (right). The operator• s console 
is attached t o the door of the t\lrnace. S l tuated on the console are the 
power and be11111 focus ing controls f or the three indiv!dual electron guns. 
The controls for manipulating the vertical post from which the melt stock 
is suspend~d, and t ll<? controls for retrac~ the ingot during the course 
of melting are also located here. The operator's sight-port is located 
above the console. · 

Figure 1 shows the interior of the rurnace. The shell of the turnaae is 
divided into two chambers by a plate. .The bottom chamber contains the . 
electron gun assemblies and magnetic coils. The top chamber or melt 
section contains the magnetic f-Ole pieces for beam control, melt stock 
suspension post, and the mouth of the water-cooled copper mold. These 
dual chambers allow the· guns t operate in ti clean envj.roraent, since 
spat ter which might ccur durin melting will be restricted to the top 
chamber. Each chamber has its own vacuum pumping system. Batfles are 
l ocated in the front of the vacuum ports . 

The electr n beam furnace has the capability of producing nominally 0.875, 
1.5, and 2 .5-inch di8111eter by 14-inch long ingots. 

Melting data for pr ducing the final ingots of the Cb-W-Ta alloys are 
presented in Table VI . ince the drop-cast melt stock of these alloys 
had been through numerous arc-melting steps, it was felt that these 
alloys would be ade uatel.y homogeneous after a single e 1ectran beam 
melting operation. he alloys were cast into the 1.5-inch diameter mold. 
A typical ing t i s shown in Figure 8. Side wall quality was veey good. 
The l oss in we i ght cetween melt stock and ingot noted for each alloy 
occurred primarily in cutting the ingot from the puller and sampl~ for 
chemical analys i s and metallographic examination. 
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Neg. No. 20745

:■->±1

Figure 5. Remelt iflectrode of Alloy No. 1 (Cb-lO.5W-i5.6Ta) 
Prepare' from 0.75-Inch Diameter Drop-Cast Ingots.



Neg. Mo. 22551

Figure 6. Exterior of 100 kw. Electron Beam Melting Furnace.
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Neg. No, 225^+9

Figure 7. Interior of 100 kw. Electron Beam Melting Furnace.



Neg, No. 2239V

Figure 8. Typical 1,5-Inch Diameter Electron Beam Melted Ingot,
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5.2.1.3 Chemical Ano.lysis 

he procedure used for preparing the drop-cast ingots of the Cb-W-T a 
a~loys resulted in a contamination probl em . Analyses obtained on several 
of the drop-cast ingots showed relatively high interstitial content, par­
ticularly carbon and o.xygen . These analyses have been compared with a 
calculated level of interstitials which might be expected in the alloys 
based upon the vendors' analy es of the melt stock, assuming that the 
melting operat1011 would have caused no change in interstitial content. 
The results of this compariso are shown in Table VII . Even though the 
drop-cast ingots were relatively high in interstitial content, it was 
felt that purification woul d be achieved when these were el ectron beam 
melted into the final ingots. This was foun to be the case :n sampl es 
taken from the top and bottom of the ingots. Results are shown in Table 
VIII°. Furthermore, with few exceptions, the average analysi t, , i.e. the 
average of the major element contents at the top and bottom of the i ngots, 
was in good agreement with the intended compositions of the alloys. 

5.2.1.4 Hardness 

Room temperature Rockwell and diamond pyramid hardness measurements were 
made on specimens cut from the top and bot tom of each ingot. A Kentron 
microhardness tester was used for the diamond pyramid hardness deter­
minations. Each• hardness value presented in Table \"1!1 r epresents the 
average of three readings. Hardness increased appreciably with tungsten 
content, whereas the effect of tantalum was relatively insignificant. 

5 • 2 .1. 5 Metallography 

As expected, metallographic examination of the top and bottom of the 
Cb-W-Ta alloy ingots revealed all these alloys to be solid solutions. 
Typical example.a ara seen in Figure .9, which are the microstructures of 
Alloys No. 1 (Cb-l0.3W-15.6Ta) and 4 (Cb-24.6W-31.6Ta). These alloys 
represent the limits of the _ composition range investigated in this system. 

5 .2 .2 Cb-W-Hf Ternary Alloys 

The final ingots of the Cb-W-Hf ternary alloys, whose compositions are 
listed in Table IX wer~ made by electron beam melting. For all but one 
of the compositions, Alloy No. 6 (Cb-9.8W-l.6Hf), melt stock was prepared 
using a powder metallurgy approach. The melt stock for Alloy No . 6 was 
prepared by the same drop-cast method used for the Cb-W-Ta compositions. 
For the powder metallurgy method, the 0.030-inch thick strip of columbium 
was reduced to -10 mesh powder by hydriding, crushing, and deeydriding. 
Tbe hafnium crystal bar was milled into chips under a soluble oil coolant 
stream then thoroughly rinsed in acetone. For each composition, a five 
to seven-pound mix 01' the columbium powder,. hafnium millings, and tungsten 
powder was. blended, then cold compacted at 50,000 psi into a bar approxi­
mately 10.l in. by 1.5 in. by 1.0 in. fqr subsequent electron beam melting. 
For several of the alloys, one-half of the hafnium added was in the form 
of strips, sheared into 0.25-inch widths, and buried in the pressed 
compacts. 
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(a) Neg. No. 22j4U 
Alloy No. 1

(b) Neg. No. 22549 
Alloy No. 4

r#'-"pw
&

V'/

Figure 9. As-Cast Microstructures of Electron Beam Melted Alloys 
No. 1 (Cb-lO.5W-i5.6Ta) and No. 4 (Cb-24.6W-51.6Ta).

Magnification: 200X Etchant: 50p Acetic Acid -
50p HNO5 - lOp HF
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Melting data for the Cb-W-Hf alloy ingots are shown in Table IX . All of 
the alloys, except, Alloy No. 6 ( b-9.8W-l.6Hf) we.re at least double 
electron beam melted to promote complete alloying and uniformity of com­
position along the length of the ingot. For multiple electron beam melting 
the ingot produced by the previous electron beam melt was cut in half 
longitudinally, one of the halves was reversed end for end and, tack welded 
to the other f rming a cylinder for remelting. The final ingots of these 
alloys were nominally 1.5-inch diam~ter (see Figure 8) except ~or Allqys 
No. 21 (eb-14.4W-35.9Hf) and 22 (Cb-12 .1W-35.5Hf) which were nominally 
2.5-inch di,weter - a· s ize better suited for extrus ion at the Wright Field 
facili y as will ~ discussed later. The 2 .5-inch diameter ingot or·· Alloy 
No. 21 (Cb-14.4W-35.9Hf) is shown in Figure 10. 

5.2.2.1 Chemical Analysis 

It was found, as seen from the data in Table X, that the Preparation of 
the columbium powder and the hafnium millings resulted in a certain amount 
of contamination of the materials, particularly with regard to oxygen con­
tent. This ·contamination was removed during electron beam melting based 
on the interstitial contents of the electron beam ingots presented in 
Table XI. With several exceptions the analyses for the major elements 
were in fair agreement with the weighed compositions • Anomalies, }Vhere 
noted, m91 be explained by a combination of effects: powder losses from 
the ~ompacts due to handling, spatter and volatilization losses d~ring 
melting and perhaps segregation in the analytical specimens. An example 
of volatilization losses can be cited in the case of Alloy No. 21 (Cb-14.4w-
35.9Hf). Following the first melting of this alioy an 18 gram deposit col­
lected from the mold lip was checked qualitatively by X-r111 ·r1uorescence 
analysis and found to be enriched in hafnium and to contain only small· 
amounts of columbium and tungsten • . 
A reanalysis was performed on some of the alloys afte!' hot working. These 
results, also included in Table xi, are considered to represent the best 
sampling for these alleys because of homogenization which accompanies 
hot-working. 

5.2,2.2 Hardness 

The hardness of the Cb-W-Hf alloy ingots is reported in Table XI. Both 
tungsten and hafnium increased the hardness of the alloys markedly. 

5.2.2.3 Metallograpey 

Typical micro~tructures of . the cast Cb-~.Y-Hf alloys are shown in Figures 11 
and 12 and point out an effect of high hafnium contents in ·promoting the 
formation or a second phase at grain and subgrain boundaries. With the 
.low hafnium content alloys, i.6 and 4.4 percent, seen in Figure 11, essen­
tially no change in microstructure was observed by raising the tungsten 
level from 9.8 to 24.1 percent. Both of these alloys contained a minimal 
amount of precipitate in t~eir structures. ·However, as the hafnium •content , 
was increased to within the rBI)ge 18.7 to 35.? a l~rger amount of second 
phase precipitated -- the amount peing reia~ively independent of tungsten 

.... .. 
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Fieure 10 2.5-Inch Diameter Electron Beam Melted Ingot of Alloy 
No. 21 vCb-lh.l4W-35.9Hf).
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(a) Neg. No. 2235^+ 
Alloy No. 6
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Figure 11. As-Cast Microstructures of Electron Beam Melted Allays 
No. 6 (Cb-9.8W-l.6Hf) and No. 8 (Cb-24.lW-l4.l4Hf).

Magnification: 200X Etchant: 50p Acetic Acid -
50p HNO5 - lOp HE



r~ inve tigate Thi effect is shown 
arrange 1n or er f increas ing hafnium 

w re rformed n the a t alloy1:1, ... rut a 
Ally No . 7'( b-lo.6w ... ,o.8Hr). This 

-15W- 5ll f with A f h nium, Titanium, b~t, Aluminwn; 
ium, , ar n, an NL r gen 

Ele tr s r r nswnable arc melting the• various alloys were made up of 
electron bewn.melted master alloy s tock or a Cb-W or Cb-W-Hf alloy 
plu "ta ed on" strir,s f the ther additions. The master alloy con­
tained all.,......,,..£ tungsten required 1n the final composition. 

I 

The design f the \1e rOlies for ca'nsumable arc melting was determined 
not nly by alloy ompo tion, rut also by the fact that the final ingot 
size was 2.25-in h diamet With this diameter ingot, the maximum cross 
sectional dimensi n of the e ctrode was limited to 1.25-inch, thus allowing 

' a minimwl of 0.5-inch clearan bet n electrode and mold wall during 
meltlllg. Electrode length 'was ithin the range 20 to 28 inches. The cross 
sectional shape was either rect11111'1'11~~or ciroular. 

I 

Alloy ijo. 23 ( b-l5W-37Hf.-2Re)~ \ 
. . 

ince the rhenium addition to this alloy did not present a vapor pressure 
p blem, the finai .ingot was produced by electron 'beam melting -- the 
melt t ck being prepared by the powder metallurgy method used for the 

b-W-Hf .ternary alloys. The total charge weight was oeven poupds made 
up f c lumbium, tungsten, and rhenium powders, hafnium crystal bar 
rnillings, and hafnium strips. The blen?ed powders and millings were all 
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pres d int 
t le t • 

, 

ar i h h h fn ium t r ip buried inside, uniformly au.ong 

-15 - Hf -5 . 5Ti) , * 25 ( b-15W-36Hf-11Ti), * and 26 (Cb-

1 The elect.r d s f Alloy o. 24, 5, and 26 were c nstructed or a master 
alloy of in l pos itiC11 b-30N and trips f the other additions. 
he master ally w el ectr n beam melted into a 2.5-inch diameter ~t 

which was sub equently ide f r ged at 2700°F to a slab approximate~ ~-9-
inch thi k, th n conditioned t o .8-inch thick. Since this material pro­
vided th s urce for all the tungsten in each of the three alloys,this 
element became the r efer ence in calculating the design of the electrodes. 
The s tepwi e p cedure in making the des ign calculations of an electrode 
kn wing the im c mposition and weight of the alloy desired was as follows: 

(1) From a calculated den it~ of the Cb-W master alloy and with two 
dimensi ns (width and l ength) of the electrode fixed, the approxi­
mate thickness of master alloy was calculated which would contain 
the tungsten for the final alloy. ' 

(2 ) The master ally was cut t o the calculated thickness and weighed. 
The actual wei ht r tungsten contained in the master alloy was 
then calculated from the analyzed oomposition or the master alloy 
( b-28.gt). 

(3) With the 11ctual weight or tungsten as a base, and the aim con­
centration of tungsten in the final alloy known, the exact 
electrode weight was calculated. The required weights or the other 
additions, knowing their aim concentrations in the fi~ alloy, 
were then determined. 

(4) The dimensions of the strips of the other alloying additions 
were calculated which would distribute their required weights 
uniformly along the ~lectrode length. 

A diagram of the cross section of the electrodes prepared or Alloys No. 
24, 25, and 26 and a tatulation or the component weights for these 
electrodes are shown in Figures 13, 14, and 15. After assembly, the 
comp)nente of ea~h electrode were tack welded together in a dry boxr er 
an inert atmosphere • , 

Alloys !~o. 27 (Cb-l51-36Hf-5.5Ti-0.07N-0.05C),* and 29 (Cb-l5W-35.5Hf-
5 .5Ti..0.1C)* 

Electrodes weighing approximately six pounds ~re prep&red for Alloys 
No. 27 and 29. For each of these compositions Cb-I-Hf master alloys 

* Weighed Com_position 

• 

• 

' 
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containing all or the tungsten, essenti~ all or the coluabiua, and about 
one-half or the hafnium wre electron beu •lted dinctq into o.875-
inch diameter rounds. Two individual uater alloy in&Ot• or a total lencth 
or approximateq 20 inches wre •l ted tor each electrode. Thia procedure 
ror preparinc the muter alloys proved sillpler than that used tor Alloy• 
No. 24, 25, and 26 since fabrication, conditioninc, and cuttinc operations 
were eliminated. 

The calculations made for electrode construction tollowed tbe aae line or 
reuonin& used ror Alloys No. 24, 25, and 26, that is, tbe tuncaten in the 
11&&ter alloy wu used u the reference element but its concentration wu 
aa1U11ed to be the IIIOWlt added rather than beiq detel'llined troll an actual 
an~ais or the 11&&ter alloy. The titanium strip added to tbe electrode or 
each alloy wu wide enouch to be formed into a sepent or a circle alone 
the length so u to tit relative~ 8D1I to the muter alloy core. The 
narrowd bat'niua strips representiq the balance or tbe hatniua required, 
wre positioned bet~en the titaniua strips. Carbon wu added in the form 
or craphite tape held in place along tbe electrode by its location beneath 
the titaniua stripe. No meltinc loases wre anticipated in ukinl tbe 
carbon addition to either alloy. Therefore, this ele•nt wu added in the 
IIIOWlt required after takinc into account the carbon added throulh tbe 
other •lt atock. 

Tbe ni tropn addition to Allay No. 27 wu made troa n1 trided coluabiua 
stripe. Nitridinc wu aceo11pliabed by induction heatina the 1trip11 in 
a nitropn-. ataoapbere at ,ooo•F tor two boura. The reaultiq nitro1en 
pick up aaounted to 22 millicrua per aquare centiaeter tor the 0.275-
inch (0.698 aa) wide by 0.0,1-inch (0.078 011) thick by 21-inob (5,.'4 011) 
total lenat)l or strip• treat,d - equivalent to a 1. 79 er• nitropn addition 
to tbe electrode. Thi• 1110W1t or nitrocen toptber with that contained in 
the Mlt stock wu approldmateq equal to a 11() percent exoe11 or nitropn 
11\ the electrode to allow tor losses durinl •ltinl in UTivinC at a 500 
Pl~ concentration '1 this el.Hent in the final ineot. Like the craJhi te 
cloth, the nitrided colwlbiwa stripe wre held in plaoe beneath the ti­
taniua. 

A oroa• -Nctional diacr• or the electrodes or Alloys No. 27 ml 29 and 
tabulated coapcment •iahta are · shown in Filurea 16 and 17, reapectiveq. 
The actual electrode or Allay No. 29 is pictured in Fiaure 18 prior to 
bein, tack wl"ded. 

. 
Allay No. 28 (Cb-15W-,5.5Ht-5.:,Ti-2.5il-2.2V)* 

or the electrodes constructed tor con1W1able, arc meltibl, that ot Alloy 
No. 26 wu the moat involved primariq due to the addition or alwlimm 
with its low meltinl point to this c011p08ition. The buic procedure 

.used tor construct tna the electrode or this alloy wu ea.-nti~ the 

* Weipd C011posi tion 
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Neg. No. 27588
ElectiW Beam Melted Master Alloy Core, Cb-19.2W-23.7Hf; 

Titanium Strips; Hafnium Strips; and Graphite Tape

Figure I8. Partially Assembled Electrode of Alloy No. 29
(Cb-15W-35.5Hf-5.5Ti-0.1C) for Consumable Arc Melting,
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sam s. that us d f r Alloys No. 27 and 29; however, in this case four 
mast r all y., w re u ... d. he first was a o.875-inch diameter by 20-inch 
1 ng el e tr n eam rn lted b-W-Hf alloy again containing all of the 
tw1g ... t en and a ut ne -half f the hafnium for the final canposition. 
The ther three, pr pared by the drop-casting procedure described pre-
vi usly, w re f the r 11 wing compositions: 50.4Ti-29.6V-20Al, ··5ori-4oHr­
l0Al, . and 80!lf- 0Al. The compositions of the drop-cast master al],oys were 
calculated ' t contain all or the titanium, vanadium, · and aluminum, and 
another porti n of the hafnium for the final alloy • . These three master 
nll ys were brittle and it was not possible to machine. uniformly dimensioned 
s trips fur tacking onto the columbium-tungst~n-hafnium _master alloy. 
Therefore, these alloys were crushed in an argon atmosphere t9 -10 mesh 
powder, cold pressed at 50,000 psi into rectangular shape, and vacuum 
sintered .' intering of the compacts of the alloy 50.4Ti-29.6V-20Al was 

·carried ut at 2500°1-' for one hour. The other compacts - 6 blend of 51.4 
weight percent of the alloy 50Ti-40Hf-l0Al and "l.s.6 weight percent of the 
alloy 80Hf-20J\l I!" were sintered at 2350°F for the same time. These com­
pacts, three strips of hafnium, and the Cb-W-Hf alloy co:re comprised all 
of the c mponents for the electrode. / 

A schematic diagram of the cross section or the electrode or Alloy No. 
28 is shown in Figure .19 along with a tabulation or the weights of the , 
various components. T,hese compoNints are displ~ed in Figure 20. As-
,sembly of the electrode was accomplished by attaching the sintered powder 
compacts and hafnium strips to the Cb-W-Hf alloy core with tantalum wires 
as shown in Figure 20. The wires were removed following the tack welding 
operation. · 

5.2; 3.2 Consumable Arc Melting 

onsumable arc melting of the previously described electrodes us ac­
~omplished in the 10,000 amp furnace shown in Figure 2! • • Th~ electrodes 
were melted into a 2.25-inch diameter, water cooled, oopper mold with a 
columbium or tantalum. starter pad at the bo"ttom. The furnace atmosphere 
was a gas mixture o~ 20 nm argon plus 5 mm helium. 

Mel ting .data for the alloys can be found in Table XII. As can be seen, 
melt rates were relatively fast at approximately 2000 amps and .20 volts , 
d. c. , Figure f2 shows typical ingot appearance art~r being .cropped fr<:)!ll 
the pa~. Sidewall.,quality was ~~¥• · 

. -
5.2.3.3 Chemical Analysis ' 

. . . ~ 

Table XI II t,resents 'the · chemical ~alysb·s or the ingots or the. arc 
inel ted alloys and the fabricated products. The analyses were in fair 
agreement with the nominal chemlstries· although the....values for tungsten 
and ti tanium~ere slightly higher than intended • . Also to be"--~ted is 

· that these lays co~tain higher. levels or oxygen 'than the ~-Hr ~ernary 
alloys prep ,d by. electron beam mel'tine ._ . . ·_· . 
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5.2.3.4 Hardness 

Hardr.ess measurement s en =,peci:nen:: taken frc:n top :md b· ttom of the 
ingots are included in able XI II . Relathe t o the electron beam 
melted base compositi n, Alloy No. 21 ( b-14.4W-35.9Hf), the hardness 
of these alloys ,:as higher which could be e~cted, in part, from 
their higher interstitial c ntents . Alloy o. 28 ( b-15. 7W-34. 9Hf-
5 .5Ti-2.2Al-2.0V) howed the highest hardness of all the compcsitions 
evaluated. No aoubt, the alumirrum and van iu are ntributing to 
hardness; but the alloy, also, contained a hi l evel f :xygen. 

5.2.3.5 Aetallograpey 

Microstructures of the ingots f these m r e c m l ex all ys are shown 
in Figures 23, 24, 25, and 26. The structure of t he rhenium-bearin 
composition, Alloy N . 23, was identical t o that observed for the b- -
high hat)liwn content ternaries, i.e., the presence of a second phase at 
grain and subgrain boundaries. Titaniurn added in Alloys No. 24 and 25 
resulted in a cleaner microstructure for these compositions relative t 
the basic Alloy No. 21 (Cb-14.4W-35.~f). The 2.8 percent cobalt ad­
dition in Alloy No. 26 caused the formation fan intercellular second 
phase which was supsequently shown to be enriched in cobalt and hafnium. 
These results of phase identification are de scribed later. Intentional 
additions of carbon + nitrogen in Alloy No. 27 and carbon in Alloy No. 
29 canplexed the microstructures of these alloys. Phase i dentification 
studies on wrought specimens of these compositions revealed the presen e 
of interstitial compounds. Alloy No. 28 presented the dirtiest a -cast 
microstructure probably due to a high oxygen content in the pr esence of 
strong "getter-type" elements, Hf, Ti, Al, and V. No pha e i dentifi ­
cation work was _performed on this alloy. 

5.3 FABRICATION 

Fabrication or the alloys was accomplished by extrusion, for ging, an 
mraging procedures -- the details of which are described in the secti on 
·mich fallow. 

5 .3 .1 Cb-W-Ta Ternary Alloys 

5.3.1.1 Swaging 

Alloys No. 1 (Cb-10.3W-15.6Ta) and 2 (Cb-9.8W-28.3Ta} were fabricated 
to nominally O .250-inch diameter rod by hot and warm swag;ing. Three 
swaging billets of each alloy were prepared. Each billet was made up 
of a 1.5-inch long section of ingot machined t o 1.285-inch diameter. 
This piece was wrapped in 0.005-inch thick tantalum foil and canned in 
a 1.5-inch O.D. x 0.093-hch wall HASTELLOY alloy X capsule. The capsul e 
was sealed by -.elding a HASTELLOY alloy X cap to the open end. This 
welding operation was performed in a dry box under a slight partial 
pressure of argon. A HASTELLOY alloy X rod was welded to one end of the 
capsule to facilitate handling. The billets were hot swaged at 2150°F 
at an average reduction in diameter of 0.042-inch per pass with a 10 

45 



Figure 2J. As-Cast Miorostructure of Electron Beam Melted Alloy 
No. 25 (Cb-15.1W-5J+.8Hf-l.^e).

Magnification: 200X Etchant: 50p Acetic Acid -
50p HNO5 - lOp HF
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(c) Neg. No. 27652 
Alloy No. 29 
Magnification: 200X 

(b) Neg. No. 27650 
Alloy No. 27 
Magnification: 5oox 

(d) Neg. No. 27653 
Alloy No. 29 
Magnification: 5oox 

Figure 25. As~ast Microstructures of Consumable Arc Melted Alloys 
No. 27 (Cb-15.5W-36.0Hf~.6Ti-0.048N-0.052C) and 29 
( Cb-15.ow-35.6Hf-6.4Ti-0.11C). 

Etchant: 5op Lactic Acid -
3P HN03 - 2 drops HF 
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Neg. No. 27720 

Figure 26. As~ast Microstructure of Consumable Arc Melted Alloy 
No. 28 (Cb-15. TN-34. 9Hf-5.5Ti-2.2Al-2.0V). 

Magnification: 200X Etchant: 50p Lactic Acid -
3P HNO 3 - 2 drops HF 
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1 c ..; H Jt wa 1 in wa 6ntinued until failure 
·::a....; immine11t a:; tie termined visually. At this 
1 wa r emove , the columbium alloy was conditioned , 

talwn foil and vacuum annealed one hour 
at 500°r on the bare alloy at a reduction 

r a ·s t o a s i ze of 0.5-inch diameter, then a 
uiameter per pass t o final size. A detailed 

e~e fabri cati n ste carried out n repre sentative ~billets 
0 . 1 ( b-10 .3 V-15 .6Ta) and 2 ( b-9.8W-28.3Ta) is presented in 

a l e Xl . ; 1 an arb n analy e were obtained on specimens of the ' 
fte r fabri cation. The r esults are shown in Table x:,.J. Little 

th l evel f inter tit ials was noted when compared with the 
r e on the ingots . 

An attempt was mude to fabricate one billet of Alloy No. 3 (Cb-25.lW-
15 .8 ' ) and thr.,ee billets of Alloy No. 5 ( b-16 .5W-23 .8Ta) by the swagh ,1g 

r e ures utlined above. he billet of Alloy No. 3 was reduced 32.5 
per -ent i n area by hot swaging; however, cracking was observed at one end 
aft er r em ving the HASTELLOY alloy X can ; The remainder of the ingot of 
th i all was successfully fabricated by extrusion. It was possible t o 
r e u e the three billets of Alloy No.: by 49.9, 45.2, and 22.6 percent 
in area by ht swaging . Following a one-hour vacuum anneal at 3000°F, 
the bars wer e Wal'!Il swaged, but cracking occurred before significant re­
du tions w2re ace mplished. The bars were reconsolidated into an ingot 
y el ec~ron beam melting for subsequent extrusion. 

5 .3.1.2 Extrusion and For ging 

Ext ru in of Alloy No. 3 ( b-25.1W-15.8Ta), 4 (Cb-24.6W-31.6Ta), and 
5 ( b-1 .9W -23 .8Ta ) was performed on a 300-ton horizontal press at 
Materials ystem Divis i on, Union Carbide ·corporation. This press is 
to l ed t o a c mrnQ6iate e ither a 1.5 or 2 .5-inch diameter billet. Billets 
f thee all ys were pre pared by machining the ingot stock to 1.245-inch 

diameter anrt encapsulating in 1.475-inch diameter by 0.115-inch wall 
m lybdenum cans t urned from bar stock. The cans were sealed by welding 
am lyb enum capt the open end in a dry box under a slight partial 
pre sure of argon . A typj~al billet is shown in Figure 27. The billets 
we re in uct i on heated under an argon atmosphere for extrusion. Tempera­
t u: . .wer e r ead by sighting tlu'ough a glass window in the top of the 
heuter wi th an optical pyrometer. Before extrusion, the press container 
~nd ie were pr eheated t o 600°F . FISKE-604, a commercially available lu­
br:i.cant f gr aphite suspended in a calcium base grease, was swabbed in the 

ntainer an n the di e . Additional lubrication was provided by liquid 

3 
whi h formed on the billets during transfe~ from heater to press •. 

A 0 .75-inch ·1ameter, 90° included angle, zirconia coated tool steel die 
was u ed f r all extrusions -- producing an extrusion ratio of 4:•l. Ex­
t rusion pressure on the billet was calculated from the pressure exerted 
n the i 2-inch di ameter piston actuating t he ram. Extrusion rate was 

1-inch of billet length per second • .. 
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Neg. No. 224^8

Figure 2?. Typical 1.1^-inch Diameter Extrusion Billet 
of Columbium Alloy Canned in Molybdenum



I • , . 
\ 

Ii•• r 

in Tabl e XV I . 

-, ; -I - :l l' ary Alloy 

f) a h t an warm swaged t o nominally 0.250-
the i enti al pr ce ureas previously described 

( -1 .3.' -15. a) an ( b-9.8W-26.,Ta). Table XIV 
r · ri i n tep for Alloy No. 6. Hot swaging of a 

• 7 ( b-l0.6W-30.8Hf) an 10 ( b-l4.7W-l8.7Hf) wno 
tiffne f the •. e alloys at 215o•F limited their 

o l than 10 percent before failure of the canned 
ille nditioned and recanned for extrusi n. 

r r i ng 

30 t hrou h 32 were extruded on the 300-ton 
r J S t .. aterial Systems Divi ion, Union arbide Corporation. 

t i an extrus ion proce ures were as previ usly described 
t rnary 11 ys . ata for the extrusion of these Cb-W-Hf 

be found in Table XV II . FOl" the conc!~i~ns used, ex­
e ma e f th se alloys with approximately 15 percent or 

en and ntainin up to approximately 35 percent hafnium 
t r in limit f this element investigated). Only one alloy 

x ru d su essf lly with a tungsten content in excess of 20 peroent. 
s Alloy o. 8 (vb-24.lW-4.4Hf) with a low hafnium content. Ex-

f he e extru ions are shown in Figure 29. Alloys No. 9 (Cb-2}.0l-
3 ( b-20.2W- 1.6 f) were the most resistant to fabrication 
o x rude. o attempts ere made to extrude each of the 
f All y o. 9 wi thin the temperature range 26oo°F - }020°F 

made t 7 ext rude tne ne billet of Alloy No. 32 at 
pti _al pyrometer readings). A stalled billet of 

in Figure 30. 

.• 
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Neg, No. 22892

Figure 28, Hammer Forging of Alloy No. 5(Cb-l6.9W-23.8Ta) 
after Removing Molybdenum Can. Forged from 
0.75-inch Diameter to 0.33-inch Thick at 2300°F



Neg. No. 22564

Fig\ire 29, 0.75-inch Diameter Extrusions of Cb-W-Hf Alloys Canned in Molybdenum.
Top to Bottom: Alloy No. 7 (Cb-10.6lllf-30.8Hf), same. Alley No. 8
(Cb-24.lW-4.4Hf), and Alloy No. 10(Cb-l4.7W-l8.7HfX



-#

Neg. No. 22565

Fieure 50 Stalled Extrusion Billet, 1.4-inch Diametei; of Alloy No. 9 
(Cb-25.CW-26.5Hf) Canned in Molybdenum.



, h f ili I. ., f h Air or . aterial Laboratory, N-PAF , Ohio, were 
n of Alloy N • 21 ( b-14.4W-35.9Hf) and 22 (Cb-

1 te there is a variable speed, borizontal-
f 700-t ns. e container diameter is 3.072-

f these alloys was prepared by machining the 
t 2.34-in h diameter and encapsulating in 

sirt re m lyb enum l eev s turne t 2 .93-inch outside diameter by 2.345-
i ~h insi e diameter. : e an were clo ed by pinning molybdewm caps 
t ach end. ef r e extru ion, the billets were coated w1 th 7052 pg~ered 
gl a suspended in a neutralized solution or Carbopol 934 in water.\ ) The 

tt f each billet was lef, uncoated. Heating the billets to the ex-
tru i n temperature caused the glass c ating to melt and serve as a lu-
ri ant. illet heating wa::. accomplished in a JO kw induction 1'lrnace 

under an arg n atmosphere. Temperature was measured with a I/W-26Re 
therm c uple c ntacting the bottooa of the billet. The press container 
and die, lubricated with FI~E~04 grease, were preheated to 5oo•y before 
extrusion. A 1.0-inch by 2.0 inch rectangular shaped, 9()

0 included angle, 
zirc nia coated, H-12 tool steel die was used -- producing an extrusion 
ratio of about 4:1. Extrusion pressure on the billet was recorded. In 
keeping with standard practice at AFML a tapered, lllild steel, glass coated 
( 0010 glass) nose block preheated to l6oo•y was extruded in front or the 
billet. 

Extrusion data for Alloys No. 21 and 22 are presented in Table XVIII. Re­
sults were good in both cases. A higher extrusion temperature was selected 
for Alloy N • 21 in view of the higher tungsten content or this aaterial. 
Nevertheless, greater extrusion pressure was required for this alloy than 
for Alloy No. 22; and the pressure differential between the two extrusions 
undoubtedly would have been greater if Alloy No. 22 bad been extruded at 
a slower rate since extrusion pressure increases with rate. In COllparing 
the data for these alloys with the data obtained on Alloy No. 31 (Cb-15.11-
3'4.lHr), a similar cooaposition extruded to o. 75-inch diameter bar at Mau.,,ri­
als Systems Division, it is expected that improved lubrication practice 
and better heat retention in the larger billets of Alloys No. 21 and 2'2 
extruded at AfM.L were two primary reasons for the lower extrusion pressure 
noted for these two alloys. 

Secondary fabrication by forging was carried out on the Cb-W-Hf ternary 
compositions, except for Alloys No. 7 (Cb-l0.61-30.BHf), 8 {Cb-24.ll-4.4Ht), 
and 10 (Cb-l4.7W-18.7Hf) which were decanned and prepared for heat-trdating 
studies after extrusion. Alloys No. 11 through 14, 30, and 31 were con­
ditioned where necessary, vacuum annealed 1 hour at 3000°F, coated w1 th 
glass, then hammer forged at 23()0°F. Alloys No. 11 through 14 were easily 
reduced from 0.75-inch diameter to approximately 0.350-inch thick in three 
passes with a 15-fflinute heat between each pass. 11th this procedure 
Alloys No. 30 and 31 showed moderate to severe cracking; however, the prod­
uct of Alloy No. 30 was of sufficient quality for obtaining specimens for 
mechanical property evaluation. 

An attempt was made to h&Dlner forge the stalled extrusion billets of Alloys 
No. 9 and 32, also, at 2300°F. Severe cracking resulted for both com­
positions. 



• 

Press forging was carried rut n the 1-inch by 2-inch rectangular extrusions 
of Alloys No. 21 and 22. The protective molybdenum can was left in place 
on each extrusion, and a glass coating was reapplied to the surface. Forging 
was performed at 2575 °F after soaking the bars 1-1/4 hours at temperature. 
The furnace atmosphere was argon. Alloy No . 22 was reduced to a slab O. 435 
by 2. 7 by 12 inches ( dimensions after decanning) in one pass; and Alloy No. 
21 to a slab o.490 by 2 .3 by 12.5 inches (dimensi ns after decanning) in 

• 

two passes with a 20 minute reheat between passes. The appearance of these 
alloy forgings can be seen in Figure 31. 

From the results of secondary fabricati n of the b-W-Hf ternary alloys 
it is apparent that press forging was pre erred t o hammer f orging . 

5.3.3 Cb-15W-35Hf with A .ditions of Rhenium, itanium, obalt, Aluminum, 
Vanadium, Carbon and Nitrogen 

5.3.3.1 Extrusion and Forging 

One billet of each of the Alloys No. 23 through 29 was prepared from their 
respective ingots for extrusion at the Wright Field facility. The electron 
beam melted ingot of Alloy No. 23 (Cb-15.1W-34.8Hf-l.9Re) was machined 
from 2.44 to 2.34-inch diameter, and the consumable arc melted ingots of 
Alloys No. 24 through 29 were machin~d from 2.25 to approximately 2.1-inch 
diameter before encapsulating in molybdenum. Extrusion procedures were the 
same as described for Alloys No. 21 and 22. 

The ertrosion data for these alloys are sunmarized in Table XIX. Extrusion 
temperature for these alloys was kept constant at 2aoo•F except for the 
rbeniua-bearing composition, Alloy No. 23, which was extruded at 3500°F . 
All of the alloys containing titanium, regardless of the other additions, 
required a lower extrusion pressure than their ternary base, Alloy No. 21, 
even though the base was extruded 200°F higher in temperature, i.e., 
3000•F. The pressure requirement for the cobalt-bearing Alloy No. 26 
(Cb-17.5W-33.5Hf-2.8co) was appreciably lower than for the other alloys -­
later attriblted to the fact that this composition was extruded above its 
solidus temperature. Furthermore, this fact accounted for the defects 
observed radiographically in the extruded bar of this alloy. T e bar of 
Alloy No. 26 was decanned after extrusion and its very irregular surface 
is clearly evident in Figure 32. Inspection of the bars of the other 
alloys showed these to be radloGl"aphically sound. 

Alloy No. 23 (Cb-15.1W-34.8Hf-l.9Re) was press forged after extrusion 
according to the practice described for Alloys No. 21 (Cb-14.4W-35.9Hf) 
and 22 (Cb-12.ll-35.5Hf). The 1-inch by 2-inch rectangular extruded bar 
was reduced to a slab o.450 by 2.7 by 11.2-inches (dimensions after de­
C8Ill'ing) in two passes. The forged slab of this alloy, shown in igure 
31, edge cracked slightly ioore than the ternary Alloy -: No. 21 and 22 re -
fleeting the effect or rhenium on fabricability. 

Haaaer forging was used as the means of secondary fabrication for All0ys 
No. 24 (Cb-16.91-33.2Hf-6.3Ti) and 25 (Cb-16.7W-35.2Hf-ll.ari). The 
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Neg, No. 25559

Figure 51. Press Forgings of Cb-W-Hf Alloys After Removing Molybdenum Cans.
A. Alloy No. 25(Cb-15.1W-5^.8Hf-1.9Re) Forged from Approx. 

1.0-inch Thick to 0.5-inch Thick at 2575°F.
B. Alloy No. 22(Cb-12.1W-35.5Hf) Forged from Approx. 1.0- 

inch Thick to 0.5-inch Thick at 2575°F.
C. Alloy No. 21(Cb-l4.UW-55.9Hf) Forged from Approx. 1.0- 

inch Thick to 0.5-inch Thick at 2575°F.
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Figure 52. Extrusion of Alloy No. 26(Cb-17.5W-55.5Hf-2.8Co)
After Removing Molybdenum Can. Extruded at 2800°F



thPn for ge t 2300 F after soaking 1-1/2 hours 
h ar r1 1 iven four passes with a ten~inute reheat 
For15 in wa st pped at this point due to development 
in both alloy as seen in Figure 33. After decanning, 

Alloy I . 24 was roxim tely 0 .310-inch thick; and Alloy No. 25 was ap-
r0ximate ly O. ',. 5-inch thi k . Improved for ging results no doubt would 

have been btained ha the all oy been pressed rather than hammered. 

he 1-inch by 2-inch r ectangular extrusi ons of Alloys No. 27 (Cb-15.5W-
.0Hf~ .6' i -0 .048N -0. 052 ) , 29 ( b-15 .OW-35 .6Hf ~ .4Ti-O .llC) and 28 

( b-15.7W-34. 9Hf-5.5 i -2.2Al-2 .0V) were glassed and press forged at 
2400° aft r s a.ki ng 1 hour at temperature. Alloys No. 27 and 29 were 
pressed t labs 0.36 by 2 .5 by 9.5-inches and 0.33 by 1.8 by 11.5-inches, 
r specth-:'! ly ( dimensions after de canning). Both alloys showed evidence of 
minor edge cracking as seen in Figure 34. Although as previously in­
dicated, radiographic inspecti n of the extru$ion of Alloy No. 28 re­
vealed n defects in ~his material, forging t o a slab 0.25 to 0.37-inch 
thick resulted in the product shown in Figure 35. The alloy fabricated 
po rly -- the surface of the slab was very irregular and cracking was 
extensive. No property evaluation was made of the forging of this com­
position. 

5.4 HEAT-TREATIN STUDIES 

Heat-treatments were carried out on the fabricated alloys for the purpose 
of establishing an annealing temperature for fully recrystallizing the 
materials prior to mechanical property and oxidation evaluation. Test 
specimens were cut, wrapped in tantalum foil, and then given one-hour 
vacuum heat-treatments generally within the temperature range 2000-3000°F 
at 200°F intervals. However, some of the alloys were heat-treated as high 
as 3600°F in these tests. Metallographic examination was the principal 
means used for investigating recrystallization behav~or, but hardness 
measurements were also te.ken on the test coupons. An ~ffort was made to 
select a recrystallization heat-treatment which would yield a relatively 
constant grain size for all of the alloys. 

5.4.1 Cb-W-Ta Ternary Alloys 

Table XX presents the results of hardness measurements and metallographic 
notes taken on the specimens of the Cb-W-Ta ternaries. From these data 
the selected one-hour heat-treating temperature for each of the Cb-W-Ta 
allays can be found in Table XXI. Microstructures corresponding to all 
of the heat-treatments performed on Alloy No. 1 (Cb-10.3W-15.6Ta) and 
4 (Cb-24.6W-31.6Ta) are shown in Figures 36 and 37. All of the Cb-W-Ta 
alloys were clean solid solutions. 

5.4.~ C'b-W-Hf Ternary Alloys 

Hardness measurements and metallographic notes from the recrystallization 
test specimens of the Cb-W-Hf ternary alloys are tabulated in Table XXII; 
and the recrystallization heat-treatments selected for the alloys can be 
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kp. o. c.. 864 

Figure 3 3. HalIIIler Forgings of C b-W-Hf -Ti Alloys af r Removing Molybdenum Cans • 

1. Alloy No . 24 (Cb- 16 .9W-33 .2Hf-6 .3Ti) Forged from App1'.'oximately 
1 .0-inch Thick to 0 .3-inch Thick at 0 300°F . 

2. Alloy No . 25 (Cb-16 .7W-35 .2Hf-ll .0Ti) Forged from Approximately 
1.0-inch Thick to O .4-inch i at 2.)00° F. 
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I ,, . . . 7710 
Top , . ..,, 

(b) Neg . No. 27711 
Edge Vievr 

Figure 34 . Pres.., For L g J o!' . - :, - · -T · - .1 - " Alloys after Removing 
. olybdemm1 , '1 . • 

A. Alloy 'I . 7 , -15 . 5.', - 3t.0Hf .6Ti . 048 . 052C) 
for ed fr, 'Tl i,pprox.:."TJ~ te7.f 1. 0 - rich Thick to 0 . 35 -
Inch Th:ck at 2400° . 

. Alloy :-Jo . 2 ( 'b -15 , 0·,•, - 35 , GHf . 4Ti . ll ) Forged 
from hpproxi'Tlatcly 1. 0 - lnch Thick to 0 . 35 - Inch 
Th ' ck at 2400°F . 
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Neg . No . 27712 

Figure 35. Press Forging of Alloy No . 28(Cb-l' .7'/,- , ,9Hf-5.5Ti-
2,2Al- 2.0V) after Rem0vin6 Molyb tnw: ;tln , Forged 
from Approximately 1 .0-inch Thick to 0 ,3- in h Thick 
at 2400°F , 
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fuund i n 'l:.i.blc XXIII . 'lypi cal micr Jstructures of these alloy s r e sult ing 
fr om the hco.t - t r co LmenL are s hO\m i n f i gures 38 t hr oogh 41. Alloys 
Mo . 6 and 8, wiL n l o·:, hafnium ::!OnLent s , wer e r e l a tively c l ean alloy s , 
whcr ea.., , the comp-::,., itions with hi6her hafnium content s conta ine d noticeable 
quan Li Lies o f second phase pr ecipitates throughout . 

5 . 4 . 3 Cb -15W- 35Hf with Addit i ons of Rhenium, Titanium, Cobalt , Aluminum 
Vana i wn, v :.irbon and Ni trogen 

Recry ..,tallizat i on data f or these mor e comple x alloys are SP.en in Table 
X:XIV , and the heat - t r eatment s selected t o r ecrystallize the se materials 
are summar i zed i n Tabl e m . Re presentative microstructures can be 
found i n Figur es 42 t hrough 46. There were some noticeable differences in 
the r esponse of sever al of u~ se alloys t o he at-treatments as a r e sult of 
composition. The large quantitie s of dispersed phase ( s ) from the inter­
stitial add itions to Alloys No . 27 and 29 caused a decrease in recrystal­
lized grain s i ze compared to the other materials . In the case of the 
heat-tre atment s carried out on the cobalt containing Alloy No. 26, visual 
inspection of the s pe cimens revealed melting to have occurred as low as 
2400 °F . J\n example of the melting of this alloy at 2600°F is evident from 
the appearance of t he specimen shown in Figure 47. This observation ex­
pla ins the extrus ion results on Alloy No. 26; i.e. very irregular surface , 
s ince th-' extrus i on temperature was 2800°F. 

5. 5 PHASE IDENTI FICATION STUDIES 

Work was carried out to ident i fy the phase precipitated in the Cb-W high 
hafnium coEtent alloys, and the phase(s) present in the alloys containing 
intentional additions of carbon+ nitrogen in Alloy No. 27 and carbon in 
Alloy No. 29. Also, a qualitative identification was made of the low 
melting phase observed in the Co containing Alloy No. 26. 

5.5.1 Alloys No. 7 (Cb-l0.6W-30.8Hf), 27 (Cb-15.5W-36.0Hf-6.6Ti-0.048N-
0.052C) and 29 (Cb-15.0W-35.6Hf-6.4Ti-O.llc> 

A sample of Alloy No. 7 annealed one hour at 3000°F and with a micro­
structure as shown in Figure 39 was dissolved in a bromine-methanol 
solution. X-ray diffraction analysis suggested the residue to be a 
fee carbide, perhaps CbC•HfC, with a lattice p~~ameter of 4.57 angstrom 
units. This value is similar to the lattice parameter reported for CbC­
ZrC. HfW2 was sought but not found. Identification of a carbide phase 
was somewhat surprising in view of an analyzed carbon content of 30-40 
ppm for the alloy; however, additional evidence was obtained by microprobe 
analysis t o indicate that the precipitate was not HfW

2
• A traverse made 

across stringers of the precipitate present in a specl.lilen of the alloy 
annealed one hour at 2600°F (approximately 75 percent recrystallized as 
shO\m in f igure 39) revealed the stringers to be enriched in hafnium and 
depleted in tungsten relative to the matrix. Enrichment in tungsten 
would be expected if HfW

2 
were present. 
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( a) N g. No . 2271 
As -Extruded 

( ) ~e . o. 22723 
One Hour at 2200° F 

(c) e • o . 22729 
One Hour at L 00°F 

FA.gure 3 • icrostructur of Alloy o . 7 tco -10.6~ - ;0.8Hf) Extruded 
at ° F then Heat -Treated O e Hour at lndicat d 
Tem ratur s . 

gnification: 200X Etchant : 50p Lactic Acid -
;,p OJ - 2 drops HF 
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(d) Ne . No . 22727 
One Hour at rH00° F 

(e) Neg. No . 22800 
One Hour at 3000°F 

{ 
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' . 
' ·f 

j,.. 

(f) e . No . 22601 
One Hour at 3200° F 

igure 39. (continued ) 
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(a) g. o. 2,5 1 
As-Forg d 

(b) Neg. No. 24~.' ·] 
Recrystallized 

, _, 

,, 

-, 

Figure 4o. Microstructure of Alloy o . 13 {Cb.Ji . O'i', - ;µ . 4Hf) Hammer 
Forged at 2,500° F then Recrystan · zed On Hour at 2500° I• . 

gnification: 200X E chant : 50p Lactic A id -
3p 3 - 2 drop"' Hf' 
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(~ ) Neg. No. 388 
As-Forged 

(b) Neg. No . 390 
Recrystallized 

-
• \ •! I,.•: ' I",, t • f 

'--i-' 

' 

Figure 41. 
Microstructure of Alloy No . 21 (Cb-14.4W-35.9Hf) Press 
Forged at 2575°F then Recrystallized One Hour at ;ooo°F. 

Magnification: 200X Etchant : 50p Lactic Acid -
3P HN03 - 2 drops HF 
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As-Forged 

(b ) Neg. No. 26393 
necrystalli -zed 
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Figure 42 . Microstructure of Alloy No. 23 (Cb -15. 1W- :,4 . 8Hf - l.9Re) 
Press Forged at 2575° F then Recrystallized Or1e Hour at 
3000°F . 

Magni... ::.cation: 200X Etchant : )Op Lactic Acid -
3P i-iHQ-,, - 2 drops HF 
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i rue ur of lloy o. ~ {Cb-17. 5 -33. 5Hf -2.8 o) 
2800° F n H at-Tr a ed O Hour at 00° F. 

cat· on : Etchant: 50p Lactic Acid -
3P HNO 3 - 2 drops HF 
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(e) o. 27752 
Hour at 2 00°F 

(f) 

(g) Neg. No. 27754 
One Hour at 3000°F 

Figure 45. ontinued) 
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Neg. No. 27717 

Figure 46. icrostructure of Alloy No. 28 (Cb-15 . -34.9Hf-5.5Ti-
2 .2Al-2.0V) Press Forged at 24o0°F . 

agnification: 200X Etchant: 50p Lactic Acid -
3P HN0

3 
- 2 ITops HF. 
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Neg. No. 27389

Figure 4?. Specimen of Allpy No. 26 (Cb-17.5W-53.5Hf-2.8Co) Wrapped 
in Tantalum Foil and Heat-Treated at 2600°F. Note 
Melting.
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Phase identification studie s were attempted on forged and 2800°F annealed 
specimens of Alloys No. 27 and 29. Tne Debye-Scherrer patterns obtained 
on residues remaining after a b~omine--methanol dissolution treatment cf 
the specimens revealed matrix plus a carbide-type phase in each alloy antl. 
an additional unidentified fee phase in Alloy No. 27. Measurements of the 
lattice parameters of these phases are tabulated below: 

Alloy No. 

27 

29 

Lattice 
(Ao) Parameter _ _ 

3.31 

4.33 

4.56 

3.33 

4.61 

5.5.2 Alloy"No. 26 (Cb-17.5W-33.5Hf-2.8Co) 

Probable 
Identification 

BCC Matrix 

FCC 

FCC Carbide 

BCC Matrix 

FCC Carbide 

The microstructure of Alloy No. 26 contained a relatively large quantity 
of second phase; and, as previously reported, this alloy was observed to 
show partial melting at a temperature as low as 2400°F. A microprobe 
analysis was run on .. this alloy, and as seen by the ·x-ray image photographs 
in Figure 48, this phase was found to be enriched in cobalt and hafnium. 
Since five eut~8tics, all existing below 2600° F, are reported in the cobalt­
hafnium systeml ), a convenient explanation is offered for the melting ob­
served. Thus, the addition of only 2.8 percent cobalt in Alloy No. 26 has 
caused a very significant depression in the solidus temperature. 
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SECTION VI 

MF.CHANICAL PROPERTY EVAllJATION 

Tensile properties of the fabricated and recrystallized alloys were 
measured at room temperature, 2000°F, and in some cases 2200''F . Other 
tests, above and below room temperature, were performed to obtain an 
indication of the tensile transition temperature of a few of the alloys. 
Strength-to-weight ratios were determined. 

Creep-rupture evaluation at 2000°F was performed on selected Cb-W-Hf t ~r­
nary alloys and on the basic comp0si tion 'Jf nominally Cb-15W-35Hf contain­
ing additions of rhenium, titanium, carbon, and nitrogen. 

An indication of thermal stability was obtained for the Cb-W-Hf type alloys P 

from hardness measurements of the uncontaminated areas of the post-test 
oxidation specimens. 

6.1 TENSILE PROPERTIES 

For determination of tensile properties, bar-type specimens were used. 
Each specimen was 2.0-inch overall length with a 1.0-inch long by 0.125-
inch diameter gage section and non-threaded grips. Before preparing the 
specimens, the alloys were given a recrystallization heat-treatment as 
shown in Tables XXI, XXIII, and XXV. A few tests were performed on several 
of the alloys in the stress-relieved condition. 

Tests at roan temperature and below were carried outAon a Riehle Testing 
Machine at a crosshead speed of 0.005 inch/mirrute to yield, then 0.05 inch/ 
minute to failure. For obtaining test temperature's below room temperature, 
liquid nitrogen was used as the ,coolant by being introduced into an insu­
lated chamber surrounding the specimen. Temperature, was controlled ~ means 
of a calibrated thermocouple located near the specimen. The liquid nitrogen 
was sprqed into the test chamber through a ·valve actuated by the therrtio­
couple circui~. Operation of the valve was automatic and runctioned to 
maintain a balanced thermocouple ~ircuit at a value of imposed emf equiva-
lent to the test temperature. · 

Tests above room temperature were carried out on an Instron Testing Machine 
at a crossbead speed of 0.05 inch/minute. A cold wall, tantalum resistance 
heated, vacuum furnace was used for heating the specimen. Temperature was 
controlled and recorded with Pt/Pt-13Rh thermocouples. 

For determination of strength to weight ratios, density measurements were. 
made on the mechanical property specimens of the alloys by the water 
displacement technique. 
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6.1.1 Cb-I-Ta Ternaey Alloys 

The results or evaluation or the tensile properties or the Cb-I-Ta ter­
nary alloys are listed in Table XXVI. Examination..,ot these data show 
that only slight additional strengthening ws realir.ed when the tantal\11& 
content •s inc~ased rran approximately 15 to ,0 percent in either or 
the base alloys of nominally Cb-101 am Cb-251. The increase in tanta­
lm content had · essentiaU.y no effect on the ductility ot either base. 
Increasing the tungsten content fran about 10 to 25 percent resulted in 
significant strengthening, but shifted the ductile-brittle transition 
temperature from below .ao•y to above roan temperature, am reduced the 
tensile elongation at elevated temperature by about a factor or 2. · As 
might have been expected from consideration of canp)sition, the tensile 
properties of.' Alloy No. 5 (Cb-l6.g,-2,.8Ta) wer~ intermediate between 
the propertles ot Alloy No. 1 (Cb-l0.31'-15.6Ta) and Alloy No. 4 
(Cb-2h.6-,1.6Ta). The ductile-brittle transition temperature tor Alloy 
No. 5 •s near roan temperature. 

6.1.2 Cb-W-Hf Ternary Alloys 

The tensile properties or the Cb-W-Hf ternary alloys are presented in 
Table XXVII. The data smw that both tungsten and batnium were effective 
strengthening additions, but both elements impaired ductility when their 
contents increased within the approximate l'f?nge or 10 to 24 percent 
tungsten and 2 to ,5 percent hafnillD. The bri ttlenes1 ot acme ot the 
alloys, and their sensitivity to stress concentration, led to failure or 
a tew roan-temperature test bars at t.~ radius ot the gage section. 
These tests have been imioeted in tlle ¥1bulati~. and the rep)rted 
strength values are probably low. 

The influence of hafnium as a strengthener is evident tran a canparison· 
of the elevated temperature data tor Alloy No. 6 (Cb-9.81-l.6Ht), the 
walmst CCIDp)Sition, with that of Alloy No. 7 (Cb-l0.6W-,0.8Rt). The 
2ooctF ~ 2200•F tensile strength bas increased by about t.hree time• ·•. 
with the increase in hatrrl,\ID content ·rran nminally 2 to ,0 percent: 
lmlering the tungsten content to below 10 percent in the preaenoe ot 
relatively high hatni\111 contents, Alloys No. 11 throuch ~ -did not· 
drastically reduce strength and at . the same time restored eane duc\ili ty. 
Unfortunately these four _llloya were inferior in oxidatio~ resistance 
canpared to the canposiiions with higher tungsten contents and high 
hafnium contents. . Ii ·, 

Late in the program limited data were obtained to indicate a poHible 
effect of thermal mechanical processing on ductility. A teat •a run 
at 6o<t F on each or the Alloys No. 21 { Cb-14. 41-,5. 9.1ft) and No. 22 
(Cb-12.11-,5.5Hr) after a ,tress relieving heat-treatment tor 1 hour 
at 2200•F. The microstructure of the alloys correapond'1 to the as­
fabricated condition, i.e., partially recrystallir.ed. The ductility or 
the alloys was significantly improved as shown in Table XXVII over that 
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determined at roan tem~rature and 2000•F following a recrystallization 
heat-treatment at ,000 F. Thus, grain size is probably one factor con­
tributing to the brittleness problem, and another may be the carbide 
phase present in the Cb-W-high hafnium content alloys. 

6.1.3 Cb-15W-35Hr with Additions or Rhenium, Titanium, Carbon and 
Nitrogen 

Primarily tran the results or oxidation evaluation, . the base nominal com­
position, CQ-15W-35Hr, was selected for furtl'U!r alloying for property en­
hancement. The tensile proper;ti~s obtained on these more complex alloys 
are s."iown in Table XXVIII am canpa:red :with tensile properties previously 
presented for the basic Cb-W-Hr te7nary, Alloy No. 21 (Cb-14.4W-35. 9Hf'). 

The exact effect or the 1.9 per,.~nt rhen.1.um addition to Alloy No. 23 is 
uncertain due · to the brittleness, or ·the al loy and failure of the speci­
mens at the radius. However; it wt,s roum that a 2200°F stress relief 
and test at 6oo•F did not restore ductility to any appreciable extent, 
as canpared to this sane test on Alloy No. 21. 

The titanium bearing Alloys No. 24 (Cb-16.9W-33.2Hr~.}Ti) and No. 25 
(Cb-16. 7W-35.2Hr-ll.0Ti) were also brittle. Canparison or the 2000°F 
tensile properties or Alloys No. 21 and No. 25 strongly suggests a very 
significant reduction in strength as a result or the titanium addition. 

To detennine if strength could be restored by interstitial additions to 
the titanium containing quat.ernary, Alloy No. 24, a 480 ppn nitrogen+ 
520 ppn carbon addition, was made in Alloy No. 27 am a 1100 ppn carbon 
addition was made in Alloy No. 29. Fran the data obtained, the carbon 
and nitrogen additions were effective strengtheners, but the improvement 
at 2000•F did not result in a strength level as high as that shown by 
the basic ternary, Alloy No. 21, at the same temperature. These results 
show that strength would probably have been benefited more by a nitrogen 
and/or carbon addition to the basic ternary at some sacrifice in oxida­
tion resistance through the elimination or titanium. 

Canparing the roan temperature data for Alloys No. 27 and No. 29, the 
carbon + nitrogep addition in Alloy No. 27 was a more effective 
strengthener than the carbon addition in Alloy No. 29. However, the 
strength or the two alloys was about equal at 2000°F. 

--
To dete)Wl1ne the effect or annealing temperature on the room temperature 
teIUJile properties or Alloys No. 27 and No. 29, tor~d material was 
annealed tor 1 hour over the temperature range 2200 F to 28V)° F. The 
results or these tests are shown in Table XXIX. No large change in 
strength was found tor either or the alloys as a result or varying the 
prior annealing temperature. However, the increase in duct.ility to 
12. 7 percent or the 220(,-F annealed specimen or Alloy No. 29 suggests 
an effect or thennal mechanical processing. · 
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T rma ta ili ty 

i at o of thennal stability ot the Cb-Ir-Ht tne all07a, ternaries 
plex compositions, •• obtained tr011 bardne•• •aauraent• 

Wl ntaminated ~gions or the post-test oxidation specimen• • 
spe imen were in the recr,yatallized con:Ution prior to teat. The 

ata in T ble XXX show no ettect on hardness tor the 1.ldicated len,tba 
or e xposw-e at 2000• F. or particular interest wre the data tor Al.107• 
o. 27 ( b-15. 5W-:'6.0Hf ~.6Ti-0.048H-0.052C) a'-ld No. 29 (Cb-15.0l-'5.6Ht-

6. Ti-0. 11 C) in view ot their high interstitial content•• Neither at 
the alloys, atter a a3oo•y anneal, •hoRd •IV' •~ioant cbanp in 
,u-dness tor times betwen 4 and 100 hour• at 2000 r. The re•ult• aay 

have been different tur higher solution. annealinc tellperature• tollowd 
by low temperature aging • 

• 2 REEP-RUPTURE PROPmTIF.S 

cause emphasis na placed upm ttie evaluation ot Cb-I-Ht tJpe allo;r•, 
creep-rupture testing •• contined to Cb-1-Ht:' temarie• and Nftnl. ot 
the more highly alloyed CCllpo•ition• be•ed upon Cb-15W-'511t with addi­
tions ot rheni\11, titani\11, carbon, and nitropn. ot pr1aarJ interest 
ns a detel'lllination ot the ettect at a hilh batnl\11 oontent in tbtN 
alloys and the ettect ot the above48ntioned lddition• to tbt be• io 
terna},y, on creep-rupture beblvior. 

t ests wre carried out in vacU\11 at 2cxx,er and •tre•• leftl• ot 12,500 p• i 
..-.m 20,000 pa\ rit.h the •terial• 110•tl1 in tbt reo17atall.1Md oon41tion. 
'he creep-rupture specimens wre at the - tne UNd tor ten•lle te•tinc. 

·~.l~ testing wut, a• Nen in FieuN 49, •• a 11tter-ion papecl Q'nlll 
.p.sble ot vacu\11 down to the ranp ot 10-1~ torr. Tbl tantal.UII nn•t-

1?11ee heated turnace, apecillen, wipt pan, an4 •1&bt• wn 111 aontaiDld 
I thin the vacu\11 syatea. Arter load inc tbt ~ t and prior to te•tine, 

'.,-_ qstem •a buBd out at 500• r tor at leut 8 bour•• . Dur1nc te•tina, 
1: pc.9· ~ture ns measured and controlled b7 liNn• ot a tmmoooaple 
1 tacl~ · 'O the gage length ot tbe •peoialn. Strain •• - •uNd w1 th 

1t .l\'\. iJl'A':ter by ob•rvina tbe •paratfbn ~ tbl •peoian pip• throu&b 
• . 'iri.,, ·~ 1r the turnace, cbaber. 'Die reterenoe •aauraent, 1.e·., ~ro 
f t, 1v,.'Uon, ~,r the specimen•• talllln •• the •a•--nt 11148 iaadiat.11 
,i\ <... !' 11,pplicatlon· ot the ioad atter reaohin& ,tbt teat taperatura. 

,> , ibr to testing llfl1 ot the all07•, an expo•ure teat •• p•rtOIWd on 
.l loy No. 6 (Cb-9.81-l.6Ht) to dete1'11ine tbe extent ot dOntaimtion ot • this .material ~n the vacUID enriroment ot tbt equipient. A 0.25-inch 

diameter specimen or the alloy •• expolld tor 150 boun at 2«XJ• r at an 
initial pressure ot 8 x 10-7 torr a tinal Jnl•Ul'9 at 5 .• 8 x 10-l0 
torr. Pre- and post-teat inter tial ~•• ~ this apeoimen pre•nted 
in T ble XXXI showed no con1oaa.,..tion. The 110•t notable ohanp •• a 
23 ppn reductio~ in niti;-ogen cantent a• a result ot tbe teat. • 

.' 
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. 2. 1 C - -if r ary 11 oy 

T n the b-W -Hf ternary canposi tions are 
t h the t sts run on Alloy No. 6 (Cb-9.81-
re n e, it i evident that increasing the 

imp ve reep-rupture properties as seen rrom a can­
pari on wit tl data for loy • 7 (Cb-l0.6W-,0.8Hr) at the same 

a tual creep curve ar plotted in Figure 50. 

Alloy o. 7 wa s al o te ted at ,oco psi and the curve is included in 
Figure 51. The rupture life of hours approaches the target strength 
characteri stic of 100-hour life at 2000• F. However, because or the 
very hi h rupture elon ation of the alloy, strength could only be con-
idered useful up t o about 30 hours at which time the alloy entered 

third-stage creep. Even at a stress of 12,500 psi entry into third­
ta e creep began after about 40 hours. 

reep stre th. was improved somewhat for the high hafnium content alloys 
when th tWl sten content was increased as seen rran a canparison or the 
urves for Alloys No. 7 (Cb-l0.6W-3().8Hf) and No. 30 (Cb-14.2W4.8Hf) 

in Flgure 51 aoo for Alloys No. 22 !Cb-12.1W-35.5Hr) and No. 21 
( b-14.41-,5. 9Hf) in Figure 52. 

trJllographic examination •s performed on the creep-rupture specimens 
or the b-W-Hf allays. The post-test microstructures or both the gage 
and grip sections of the ~cirnens were compared. A consistent observa­
tion for these alloys was the presence or a recrystallized structure in 
the region or the grain bou."ldaries or the gage section. Examples are 
pointed out in Figure~ 53 am 54. In both or these examples, as well as 
the other tests, the alloys showed very high rupture elongations or ex­
tensive third-stage creep. It is reasonable to believe that this has 
been cau ed by structural instability resulting rran high dittusion· 
rates, as rurther evidenced by recrystallization accanpa~ the tests. 
Therefore, improvemente in creep properties co .. ld be expected by effect­
ing an increase in the recrystallization temperature. 

6 .2. 2 Cb-15W-35Hf with Additions or Rhenium, Titanium, Carbon, and 
Nitrogen 

Table XXXIII summarizes the creep-rupture data for the more canplex 
alloys based -..;pc:: ..,b-15W-35Hf with additions ot rhenillll, titanim, 
carbon, and nitrogen. The data obtained previous'.cy on the ternary 
Alloy No. 21 ( b-14. 4W-35. 9Hf ) are incl\xled for canparison. 

For the test carried out on Alloy No. 2~ (Cb-15.1W-}4.8Hf-l.~) at 
20,000 psi, the strengthe1dn effect of rhenium noted after the alloy 
had surpassed 1. 5 percent strain was oot large. The creep-rupture 
curve for thi test can be fc-und in Figure 55. 

The most disappointing results or the various tests were those showing 

• 

• 

• 

• 



- l • 
'.9

 
., 

• 
• 

• 

M
 

D
i I 

1
2

 • ·--
A

L
L

O
Y

 N
e.

e 
,.

..
..

,_
..

_
.H

r
 

l>
O

I 
A

L
L

O
Y

 N
e.

 e
 

·r 
e
,-

..
 4

4.
7 

• 
l'a

l .
..

..
..

 7 
H

r 

e
--

..
M

.o
• 

• 7 • • 
-

~ • 
4 I 2 

• 
IO

 
-

-
- Tl••• •

r 
-

.. A
L

L
O

V
 

N
o

. 
7 

l'
a

ll
u

re
 a

oo
.e

 H
r 

e1
on

e.
 e

7
•"

 ,. 

F
ig

u
re

 5
0.

 
C

re
ep

-R
up

tu
re

 C
U

rv
ea

-r
o

r 
R

ec
r.

,a
t.

al
li

ze
d 

A
ll

q
ra

 N
o.

 
6 

(C
b-

9.
8w

-l
.6

H
t)

 
an

d 
7 

(C
b-

10
.6

w
-,

0.
8H

t)
 T

ea
te

d
 a

t 
2

0
0

0
•y

 a
nd

 1
2,

50
0 

p
e
i.

 

-



' 
)8

 

-• • • - ; M
 ·1
 

11
 • • • ·• 7 

) 

A
L

L
O

V
 N

e
. 

7 
l'
a

tl
v
ra

 N
.a

 H
r 

R•
•"•

· 4
1

.0
 •

 

: 
. 

• • 
• • a Ir 

0 

I 

• 
• 

.. 
-

-
-

T
l•

••
 l

lr
 

.. 

A
L

L
O

V
 N

o
. 

a
0

 
l'
a

ll
u

re
 
1

N
 H

r 

e•
•"

•·
 a,

 . .,
 "

 

.. 
,. 

F
ig

u
re

 5
1

. 
C

re
ep

-R
u

p
tu

re
 C

U
rv

e•
 t

o
r 

R
e
c
ry

st
a
ll

iz
e
d

 A
ll

o
y

s 
N

o.
 

7 
(C

b
-l

0
.6

w
-,

o
.8

H
t)

 
an

d 
,0

 
(C

b
-1

4
.2

W
-2

8
.8

H
t)

 T
e

s
te

d
 
a

t 
2

0
0

0
•F

 a
n

d
 
2

0
,0

0
0

 p
s
i.

 
-

• 
• 

• 

-



• 

M
 • IS
 • • • • -

~
 

i: • • 4 

't 
a 2 I 

• 

A
L

L
O

V
 N

e
. 
f
t
 

l'
a

ll
1

1
,e

 7
1

.•
 H

r 
...

...
. •

.o
. 

A
L

L
O

V
 N

o
. 

91
 

l'
a

ll
u

ro
 1

ft
.0

 H
r 

e
1

0
1

1
e

. 
N

.O
 •

 

• 

~
~
 0

 
=

 
0 

• 
F

ig
u

re
 5

2
. 

-
-

4
0

 

T
l•

••
 •r 

-
.. 

" 
C

re
ep

-R
up

tu
re

 C
U

rv
es

 r
o

r 
R

ec
ry

st
al

li
ze

d 
A

llo
ys

 N
o.

 
22

 (
C

b-
12

.1
W

-3
5.

5H
t) 

an
d 

21
 

(C
b-

l4
.4

w
-3

5.
9H

t)
 T

es
te

d
 a

t 
20

00
•F

 a
n

d
 2

0,
00

0 
p

si
. 

• 

-



(a) Neg. No. 25963
Magnification: 200X

9rip Section

(b) Neg. No, 25984
Magnification: 200X

Fracture

ii(m
^.r 'ii hV ; ■ ; . ‘-.^r

(c) Neg, No. 25985
Magnification: 500X

if

Figure 53. Microstructure of Alloy No. 7 (Cb-10.6W-30.8Hf) cfter
Creep-Rupture Testing at 2000’’F and 20,000 psi. Rupture 
Life: 92.3 Hours. Elongation: 4l,0 Percent.

Etchant: 50p Lactic Acid - 3p HNO^ - 2 drops HF.



(a) Neg. No, 25980
Magnification: 200X

Grip Section

(b) Neg. No. 25981
Magnification: 200X

Fracture

(c) Neg. No. 25982
Magnification: 50OX

Gage Section

—• ^ V . - .j

<»* ^

» >i ; -X -'C
;T* ' • "t

:W-' •> --v
■< •* . i 'ft/**' •• 'ii • ^

Figure 54, Microstructure of Alloy No. 30 (Cb-l4.2W-28.8Hf) after 
Creep-Rupture Testing at 2000“F and 20,000 psi.
Rupt\ire Life: I99 Hours. Elongation: 51.7 Percent.

Etchant: 50p Lactic Acid - 3p HNO^ - 2 drops HF.
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the ettect ot ti taniUID since this element enhanced oxidation resistance. 
A 6.3 percent addition or titanium 1,n Alloy No. 24 (Cb-16.9f-33.2Ht~.3Ti) 
caused a gross deterioration in creep-rupture stT-ength. Fi~ 55 can­
pares the creep curve for this alloy with tbe curve for Alloy No. 21 
(Cb-14.41-3~. 9Hf) at a stress or 20,000 psi. A furtlh"!r reduction in 
creep-rupture strength was fowld ~pen the level or ti timium was increased 
to 11.0 percent in Alloy No. 25 (Cb-16.7W-35.2Hf-ll.0Ti) - see 
Table XXXIL. 

Tests run or Alloys No. 27 (~b-15.5W-3l,.0Hr~.6Ti-O.o48N-0.052C) 'and 
No. 29 (Cb-15.0W-35.6Hr~.4Ti-O.llC) , showed the carbon + nitrogen -
addition and the carbon addition alone to be equally ineff ecti v.e tor im­
proving creep-rupture strength or the titanium bearing alloy.. Thi's fact 

~ is readily seen rran the canparative curves plotted in Figure 56. The 
second phase particles in these alloys are probably too coarse to effec-
tively enhance creep resistance. · 

' 
Creep-rupture data were also obtained on Alloys No. 27 and No. 29 at a 
streps or 12,500 psi. These results were only slightly improved over 
the 20,000 psi results as seen from the data in Table XXXIII. The 
creep-rupture behavior or these two alloys classifies them below Alloy 
No. 6 (Cb-9.8w-l.6Hr) which was the lowest strength Cb-W-Hr ternary 
alloy evaluated during the program. 

Two final creep-rupture tests were performed on Alloys No. 27 and No. ) 9 
at 12,500 psi with the alloys in the stress-relieved condition,. 1 hour 
at 220CtF. 'nds heat-treatment relative to the recrystallized condition 
resulted in further weakening or the alloys indicative or a' higher degree 
ot instability ot the alloys in the stress-relieved condition. Creep­
rupture curves tor Alloy No. :-'(} for the two conditions ot heat-treatment 
are canpared in F!gure 57 • 
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SECTION VII 

OXIDATION EVALUATION 

The alloys were evaluated for their oxi ati n r i tance at 000 and 
2200•F. Tests were c nducted in flowin air (tw standard cubic feet 
per hour) for \wo and/or twenty hours ; and orne of the more oxidati n 
resistant Cb-W-Hf compositions were t ted for tirn of 65 and 100 
hours at 2000°F. Specimens were ei t.her cylindrical ( approximately 
0.25-inch diameter by 0.285- t o 0.51-inch l ong) or rectangular 
(approximately 0.5-inch by 0.2-inch by 0.1- to 0.2-inch) ground fr 
fabricated and anneale , stock of the all y s . Spec ime s of the few 
alloys which were not fabricated successfully were prepared from ca5.t 
material which bad been given u prior homogenization treatment at 
300()"F. Final surface preparation of the spe .irnens consisted of a 
hanq polish with 320 grit paper and a thorough rinse with acetone. 

Before -testing,; the specimens ~.re m,easured and weighed together with 
their alumina containment crucibles. The specimens, in open crucibles; 
were teste4 in a horizontal tube furnace. Following exposure and re­
moval of the specimens from the furnace, the crucibles were covered im­
mediately to prevent loss of 8JV oxide which spalled during cooling •. 
Af'v~ cooling · to ·room tea.1perature, each specimen and crucible was re­
weighed to determine weight gain. The oxidized specimens were examined 
inetallographically for 11.1e88\rlng the amount of metal loss per side and 
determining the depth of contamination by direct measurement and/or · 
microhardness traverses. The principal criterion used for oxidation re­
sistance was total penetration in mils per side defined as the total 
measurement or metal loss + depth of contamination. 

u 

Post-test X-ray diffraction analyses, using a diffractometer, were con­
ducted t0 obtain an indication of the identity of the oxidation reaction 
products of Alloy No. 9 (Cb-23.0W-26.5Hf). The identification of these 
products, present in different layers. was attempted bY. diffracting the 
surface of a metallograpbically mounted specimen after each successive 
removal of a layer by grinding. These data were assumed to typify re­
sults which could be expected from the other high-hafnium content com­
positions after oxidation. 

7.1 Cb-W-Ta TERNARY ALLOYS 
_, . 

The oxidation of the five Cb-W-T a alloys was characterized by appredab.le 
weight gain and metal loss, high rate of pJcygen contamination, and the 
formation of a non-adherent, voluminous, oxide scale. 

The data presented in Table XXXIV for cylindrical specimens tested 2. and 
20 hours at 2200•F show that Alloy No. 2 ( Cb-9 .SW-28 .,3T a) experienced 
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less weight ain am metal lo s than the other Cb-W-Ta alloys. Alloys 
No. 1 ( b-10.3-15.6Ta ) am o. 5 (Cb-16.91-23.STa) were the next most re­
sistant alloys , followed by Alloy No. 3 (Cb-25.1W-15.8Ta). Alloy No. 4 
(Cb-24.6W-31.6Ta ) , wtdch oxidized the most rapidly or this group ot · 
alloys, wa almost canpletely oxidized at the end or the 20-hour test. 
Relating these results to alloy comp,sition, 111etal loss increased with 
increasing twigsten content. For the low tungsten content alloys, 
10 percent, metal loss decreased when the tantalum content was increased 
from approximately 15 to 3() percent; but, this trem was reversed for 
the alloys with higher tungsten, 25 percent. 

Al thqugh th differences in metal loss shown by the Cb-I-Ta alloys were 
notewortl\)', the most significant result or oxidation evaluation or these 
materials ns their very rapid contamination. In all cases, the entire 
cross section or the specimens was contaminated within 2 hJurs as indi­
cated by microhardness traverses. Representative or these data are the 
traverses run on Alloy No. 5 as sho·m in Figure 58. It is to be expected 
t,~::'t the large increase in hardness caused by contamination will generally 
have a detrimental effect on the mechanical properties or these alloys. 

A D'.icrostructure or the metal ~tal oxide interface r or the Cb-W-Ta alloys 
.;.'ollowing oxidation testing is shJwn in. Figure 59, a photomicrograph or 
Alloy No. 5 after a 2-hour test at 2200•F. Typical or these alloys was 
the preferential oxidation in the grain boundaries and in the grains 
adjacent to the surface. The microstructures or the specimens oxidized 
for 20 hJurs was not appreciably different, except that the extent or the 
oxidization was greater. 

None or the Cb-I-Ta alloys tormed a very adherent oxide scale, as was 
evidenced by the large amount or spelling that occurred upon cooling· the 
specimens from 2200• F to roan temperature. Even though some or the scale 
did adhere, as is shJwn in Figure 59, it ns generally or non-unirom 
thickness and discontinuous, and it is doubtful that it provided appre­
ciable protection to the alloy. 

The data obtained for 20-hour tests at 2000•F on rectangular specimens or 
the Cb-I-Ta alloys are shown in Table 'XXXY. Except for Alloy No. 2, 
weight gains for these comp,sitions were slightly less at 2000•F than at 
2200•F. Again, Alloy No. 4 ns the least oxidation resistant or the five 
alloys, but the relative relationshif between composition and metal loss 
tor the others •s different at 2000 F that at 2200•F. Also, the magni­
tude or metal loss for Alloys No. 1 and No. 2 was greater at the lower 
temperature. Regardless or these ananolies, it ns again observed that 
the alloys were totally penetrated within 20 hours which, for the purpose 
or these tests, ns considered the most significant iesult. The hardness 
traverse run on Alloy No. 5 after oxidation is presented in Figure 60. 
Because or the rapid oxidation and contamination or these canp:,sitions, 
subsequent work on alloys or the Cb-I-Ta system •s teminated at this 
stage or the program. 
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^eg. No. 23165

Figure 59. Microstructure of Alloy No. 5 (Cb-l6.9W-23.8'Di) Air- 
Oxidized for Two Hours at 2200*F.

Magnification: 200X Etchant: 50p Acetic Acid
50p HNOj-lOp HF
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7. ,. . -W - Hf T ' Alf{ 

-W-Hf ternary alloys was of two types de­
n: fir t, a type closely paralleling that or 

the l -W-T all y ., .:; u e a ove and, second, a type resultingc-1n oxida-
tlor pr u t ma e up of ne uential zone which included an outer oxide 
layer, ar termedi e oxi e layer, and an internally oxidized or con­
taminate layer f llowe y W1contwninated base metal. The first type was 
ch racteristi of t he two alloy with low hafnium content, 2 to 4 percent, 
am th sec r~ type wa., characteristic of the other alloys •. which contained 
18 to 5 pcrce t hafnium. 

Oxidation data for the b-W-Hf alloys tested 2 and 20 hours at 220(>9F can 
be found in T ble XXXVI . Within the group, Alloys No. 6 through No. 101 
representin the canpo ition range · b-(10-25)W-( 2-30)llf, the two types or 
oxidation be~v or referred to above are evident. 

The two alloys w1 th lowest hafnium content, Alloys No. 6 ( Cb-9.8W-1.6llf) 
am No. 8 ( b-24.1W~.4Hf ) , experienced the highest weight gain and metal 
loss am were canpletely contwninated within 2 oours at this temperature. 
The microstructure of Alloy o. 8 after oxidation for 20 hours at 2200•F 
is presented in Figure 61. Like the Cb-W-Ta alloys, the scale has mostly 
palled and oxidation has progressed in the grain boundaries and within 

the grains near the surface. The post test hardness traverses run on this 
alloy after 2 and 20 hours at this temperature am plotted in Figure 62 
show canplete eontwnination of the material for both times. 

On the other hand, a very marked imFOvement in oxidation resistance was 
realized with 1.n reased hafr,µum content. Alloy No. 9 (Cb-23.0l4.5Ht) 

' was the nost resi tant composition -- unfortunately unfabricable. As 
seen in f'igure 6~, a. photanicrograph of Alloy No. 9 ar.ter 2 oours at 
2200•r, the product of oxidation is canprised or t'll!J oxide layers and an 
internally oxidized or cont&IQinated layer adjacent to the base metal. 
These layers are separated by sharp interfaces. Spelling or the oxide on 
cooling the high hafnium content alloys was mostly, but oot always, con­
fined to the outer layer; however, in the area shown in Figure 63, oo 
spelling had occurred. For the high hafni'WD content alloys, a dependence 
of spelling behavior· upon tungsten content was apparent since alloys with · 
tW1gsten contents less than 10 percent, Alloys No. 12 through No. 14., ap­
peared to spell more than those canposi tions with greater than 10 percent 
twigsten. Th~refore, the formation or an "intermediate oxide·. layer on 
Alloys No. 12 through No. 14 was less certain l;>ecause or this i11creased 
spallation tendency. 

A hardness traverse across the specimen or Alloy No. 9 .atter oxidation for 
2 hours at 2200°F (Figure 63)· is plotted in Figure 64. Abrupt changes in 
hardness can be noted ·at the oxidation product interfaces with the hard­
ness or the unaffected base metal returning to essentially the pre-teat 
value. 

The effectiveness of a high hafnium _cqntent in the- Cb-W-Ht alloy~ tor in­
hib~ting contamination can be attributed to the ,stability or Ht02, ·a 

' 
I· 

lo6 j_ ____ ,· __ _____,___ 
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Figure 6l. Microstnicture of Alloy No. 6 (Cb-24.lW-4.4Hf) Air- 
Oxidized for Twenty Hours at 2200°F.

Magnification: 200X Etchant: 50p Acetic Acid -
50p HNO^ - lOp HF
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z^±
Neg. No. 21902

f,

Figure 63. Microstructure of Cast Alloy No. 9 (Cb-23.OW-26.5Hf) Air- 
Oxidized for.Two Hours at 2200"F.

Magnification: 2C0X Etchant: 50p Acetic Acid -
?0p HNO^ - lOp HF
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reaction _product identifiecj in ·the contaminated layer, as will be pointed 
out later~ -Hafnium, being less noble than either columbium or tungsten, 
serves as a sink for the oxygen and prevents its rapid diffusion t~h 
the parent metal. The reaction or hafnium with oxyg~n results in a• two­
phase, pearlitic-type· structure or HrC2 am the Cb-'N solid solution as • 
seen in Figure 65. · Scaling or the alloy Wldoubtedli progresses through 
a series or complex reactions-•between oxygen, the Cb-W sqlid soiut i on, 
am Hr02. · Hence, oxidation ·of these alloys prooeeded by a combined 
mechanism or internal oxidation and scale f onnation. • · . . , 

~ , . 
Examination of the 20-hour, 2200° F, oxidation data · for the Cb-W-11f alloys 
(Table XXXVI) .points to the fa9{ ~at total penetratlon wqs dependent 
upon both •the tungsten afld hafniwn contents . For t lae alloys contait'ting 
greater , than 20 percent hafnium, an apparent trem was . a decrease in the 
rate or metal loss (scaling) with increasing tun sten content between 4 
and 23 percent. ·For t~s~ sam€ al}-oys :the measured depto of contamina-

. tion did rot change much until the tungsten + •haf niwn · content totaled 
approximately 50 percent, i.e., Alloys No. 9 .and No. 31, at which point 
contamination rate de~reased. These !two alloys thus exhibited the bes t 
overall oxidation resfstance or the ternary compositions. • .. . 
The above ,results indicate that the pennea})ility or ·the internally oxi­
dizeq or contaminated zone for the diffusion of oxygen is probably 
signific,nt in detennining the. depth of total· penet~_tion or these alloys. 
Other investigators have ~hown that tun~sten additions to columbiwn re­
duce the oxygen solubilityt 9), which, in turn, will decrease the pennea­
bility. In the c&se or_ the Cb~W-high hafnium eontent alloys, followi ng 

1 the ronnation or Ht'02 by internal oxidat~on, the matrix materiai in this 
zone oan be considered a Cb-W solid solution. With increasing tungsten 
content or ~e,alloys, the diffusion rate of' o~gen through the matrix · 
or this zone snould decrease resulting in a decrease in the depth of con­
tamination for a given test time. Thi s would appear to offer a parti~ 
explanation for the improved ·oxidation resistance shown by Alloys No·. 9 \ 
and No. 31, whose W + Hf content totaled approximately 50 percent and 
whose depths or contamination were less than those of the other alloys. . . . ' ' . . ., 
Tables XXXVII arxi XXXVIII list the oxidation data for the b-W-Hf aJloys 
in 20-hour tests at 2000°F. Ae in the evaluation at 2200° F, Alloys No. 6 
and No •. ~ with the lowest hafnium content again showed relatively 'high 
weight gains, but there wf~ -appreciable di(ference , in metal 'loss at 
2000~F ~tween the two allC\)'s. The higher tUQgsten canpositi on, 'Alloy 
No. S; · scaled much less than the lower tungsten canposition, Alloy ~- 6; 
however, both alloys were again ~OOlpletely contaminated. T'w post-test 
mic.rohardness traverse for Alloy_ No. 8 is plotted in Figure 86. , · 

. . . 
Of the .compositions containing greater than~-20 percent hafnium,, those wit~ 
relatively high hafnium + tungsten contents, Alloy_~ No. 9, No. 30, No . ~l ., 
No·. }2, No. 21, and No. 22:, e-xhi,l>i ted. the lowe,st weight gains which was 
consistent with the data 

0
-obtained a-t 2200° F. Inconsistencies were ob: 

served for the compositions cont~ining relativelyvl9w tW1gsten content, 
' ,.. <' • ... ' • • 

't 

• ' 0 . ; 

l:U . 
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·•· 

. \ 

• 
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Neg. No. 23U77

Figure 65. Internally Oxidized Zone of Cast Alloy No. 9 (Cb-23.0W- 
26.5Hf) Air-Oxidized for Two Hours at 2200°F.

Magnification: 1500X Etchant: 50p Acetic Acid -
50p HNO^ - lOp HF
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1t or 1 , wh h ~howed an increased weight gain 
• In fact , the pecimen of the four alloys rl th 

t i a 10 percent were completely oxidized to scale 
~ ur at 2000° R all +,n t at 2200° F the trem was hi~her seal-

rat f or t o e t.1 iloy..: contai n· ne e at.Pr the ?O percent hafnium when 
t un t o tent .:; 1 tha n 10 percent . This trend was m·.1gnif:led 

o F. ) 

F m the mi cr ohar trav r. e of the 2000° F nidized specimens, the 
C - - Hf t r nari f J t o e completel~ penetrated by oxygen except 
fo r Alloy ' • , o , 3,1 , o. 21, a d o. 22 whose tungsten + h&fniun con­
tent totale approximately 50 percen • Some of the alloys, therefore, 
were more everely c:mtam..1.nated at . 00° F than at 2200° F. The factor which 
may hav cau ed thi deer ase in oxidation resistance at the lower tempera­
tur wa ~ a lesser tendency toward f ormation of the intennediate oxide layer 
at 2000° F than at 2200° F. An inver se relation between oddation resistance 
nrrl te 11perature ha ber; 1 observed b:,· other investigators!J.() working on 

imilar alloy system a,"rl has bee~1 explained by the fonnation or a double 
oxi de , b 5°6Hf'02, at higher temperatures. This oxide possibly provides 
a certain amount or protection against oxidation. Previous results of 
m tallographic examination arrl the X-ray diffraction analysis or scales 
from Al loy o. 9 (to be reported) after oxidation testing at 220(>9F re­
vealed the"prescnce of an intennediate oxide layer which appeared to be 
largely made up of Cbf()5°6Hf02. As shown in Figurt: 67, the post-oxidation 
microstructure of Allo)· No. :51, the more cw-'.:!.ation resistant alloys formed 
an intermediate oxide la~'er at 2000° F. This layer was assunP.d to be 
Cb2')5°6Hf'02. 

J\ review of the data tor th 20-hour, 2000° F oxidation tests for the 
Cb- -Hf alloys results in the display plotted in Figure 68. The depend­
ence of oxidation behavior on the tungsten and hafnium contents is clearly 
evident. These results point out the justification fran oxidation evalua­
tion arrl tempered by the alloys' fabrication behavior for selection or the 
composition, Cb-15W-)5Hf, for further alloying to enhance properties. 

The oxidation test time ' for the ternary bas~, Alloy No. 21, together with 
Alloy o. 22 was extended to 65 hours at 2000° 'r. Of interest is a can­
parison of these data with those obtained for the 20-hour tests -- see 
Table XXXVIII. Although exposure time varies more than a factor or,, the 
total penetration of the alloys less than doubled between 20 and 65 hours. 
This fact suggests parabolic behavior. The microstructures of the oxidized 

pecimen and plots of the post-test microhardness traverses for Alloy 
o , 21 for the t wo t est time s are shown in Figures 69 and 70. 

7. 2.1 Oxidat ion ror.uct Identificat i on Studie 

-ray analyses, using a diffractometer, were carried out on an oxidized 
specimen of Alloy o. 9 (Cb-2~.ow-26 .5Hf ) in an attempt to identify the 
react ion products. The specimen had been oxidized for 20 hours at 2200° F. 
To detect changes in the type of oxides fonned on the specimen, diffrac­
tion patterns were obtained from the surface after successive grinding 
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Neg. No. 24886

Figure 6?, Microstructure of Alloy No. 31 (Cb-15.lW-34.lHf) Air- 
Oxidized for Twenty Hours at 2000°F.

Etchant: 50p Acetic Acid -

50p HNO^-lOp HF
Magnification: 200X
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(a) Neg, No. 25993
20 Hours at 2000"F
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(b) Neg. No. 26035
65 Hours at 2000"F

Figure 69. Miorostructure 01' Alloy No. 21 (Cb-lU.4w-35.9Hf) Air- 
Oxidized for Twenty and Sixty-Five Hours at 2000'F.

Magnification: 13OX Etchant: 50p Lactic Acid -
3p HNO^ - 2 Drops HF
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operat i.ons to remove various amounts or the oxidation products. The 
patterns were very canplex, canprising more than one oxide phase, and 
interpretation was dirficul. t. Emphasis in interpretation was placed 
upon the change in relative inter&Sl ty of the prominent diffraction peaks 
attributed to the various oxide phases as the oxidation products were 
abraded rran the surface of the specimen. The d-values calculated rran 
the patterns were canpared with toose listed by AS'lU for Cb~5, Cb~5-6Zr02 
( !so-structural with Cb2<)5 .6Hf02) , and Hf02. Fran the X-ray daj,a shown in 
Table XXXIX, the significant trend was a decrease in intensity of lines . 
attributed to Cb'°5-type oxides, which predaninat.ed at and near the sur­
face, and a corresponding increase in intensity of a .principal peak fran 
Cbci)5.6Hr02 as up to 11 mils of oxidation product were ,~moved. A peak 
suggesting the presence of Hf02 was observed after removing 11 mils rran 
the specimen. Intensification of Hf02 and fadi ng of the other ox.ides was 
seen at a depth of 18 mils. Relating metallographic examination of this 
specimen to(~ X-ray data presented here as well as the work or Kofstad 
and Kvernes , it appears that a Cb~5-type oxide predaninates near the 
surf ace, followed by a layer of Cb2<)5.6Hf02, then the zone of contamination 
or internal oxidation with Hf02 as the principal oxide. 

7. 3 Cb-15W-35Hf WITH ADDITIONS OF RHENIUM, TITANIUM, COBALT, AllJMINUM, 
VANADIUM, CARBON, AND NITROOEN 

The seven alloys based upon. the ternary cClllposition of naninally Cb -15W-35Hr 
containi ng add i tions of rhenium, titanium, cobalt, aluminlDD, vanadium, car­
bon, and nitrogen were evaluated for their oxidation resistance only at 
2000° F. In all cases the features of oxidation remained the same as pre­
viously reported for the base; but the magnitudes or metal loss, contamina­
tion, and total penetration were noticeably different. 

The oxidation data for the more complex alloys can be found in Table XL. 
Data for the ternary r,ase, Alloy No. 21, are i ncluded for canperison. 
Pertinent effects of ·the alloying additions are noted below al though it 
is recognized that the analyzed differences in tungsten and hafnium 
contents 'or these alloys may be of significance. 

The small rheniun addition in Alloy No. 23 caused an increase in the rate 
of scaling and a snall decrease in the rate of contamination canpared to 
Alloy No. 21; however, the resultant total penetrat~o'l of the rhenium 
tearing alloy was sli ghtly greater for both test times, 20 and 65 hours. 

A 2. percent cobalt addition in Alloy No. 25 was quite effective in im­
proving oxidation resistance for up to 20 hours, but scaling of this alloy 
rapidly increased after this time and total penetration was approximately 
the same as tqe ternary tase after 65 hours • 

Scaling rate increased with ti t,milDD content i n Alloys No . 24 am No. 25. 
At the same time contamination rate decreased as might be expected fran 
the chemical similarity of hafnium and titanium. The total penetration 
of these alloys was essent ially the same fran offsetting effects am both 
alloys were ·more oxidation re s i stant than Alloy No. 21. Because of its 
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· tion of 5 rce t titanium was included 
· tro en, aluminum, and vanadium. 

l loyJ o . 2) , o. 26 , No. ,24 , and No. 25 after 
5 hour., at 2000° F are shown 1n Figures 71 and 72. 

f onned on these speciLens followed 
nary ase ( Figure 70). 

.., ntiall 
7 oo o. 

were canpara 1 
viation wa s 

ffe ct of the carbon and nitrogen •dditions in 
on oxidatio r si tance since t.he dnta for these 

o that obtain d on Alloy No. 24. One unex­
ewhat rater depth of contaminat ion for 

J loy o. 27 after 5 hour 
wo alloy . 

r lati ve t o the depth measured for the other 

T r.o t o t ·on r i tant canpo i t ion evaluated for times up 'to 65 
, om· wa Alloy o. by virtue of its shallow depths of contamination. 

nfortunately, thi m terial wa not f abricated successfully. 

Typical oxi e palling tendencies of t.hese more highly alloyed canposi­
tions ar shown in F'gur 73, th actual specimens of Alloys No. 27, 
lo . 29, an o . cl3 followi ng t est . 

The 2000° F oxidation dJ3ta ( weight gain and total ~netration) for Alloys 
o. 21 ( b-14 .4W-35. 9Hf ) , No. 27 ( Cb-15. 5W-:36. Olif':.6.6Ti-O.o48N-0.052C), 

No. 29 ( b-15.0W-35.6Hf~.4Ti-O.llC), and No. 26 (Cb-15.7W-'4.9Hr-5.5Ti-
2.2Al--2.0V) are plotted against the square root or test time in Figttres 74 
and 75. Alloys No. 27 and No. 29 approximate the parabolic rate law-~or 
up to 100 hours and Alloy No. 21 r or up to 65 hours. Only t,o data points 
were obtained for Alloy No. 21, however. Alloy No. 28 departed rran para­
bolic behavior between 20 and 65 hours of test time showing an accelera­
t i on in oxidation rate. 

In summary, relative to the basic ternary, the alloying additions investi­
gated generally promoted higher scaling rates, but lesser depths or con­
tamination. The net result was that these alloys showed improved 
oxidation resistance over the base except for the rhenium bearing can­
posi tion. 
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(a) Nea No. 26037
Magnification; 13QX 
Alloy No. 23

V*'. ..J~.\

\

>

<-« / V,

^ y ^ '
- (b) Neg. No. 27125

Magnification: 280X
Alloy No. 26

Figure 71. Microstructures of* Alloys No. 2J (Cb-15.1W-5**.8Hf-^9Re) 
8Jid 26 (Cb-17.5W-33.5Hf-2.8Co) Air-Oxidized for Sixty- 
Five Hours at 2000'F.

Etchant: 50p Lactic Acid - 5p HNO^ - 2 Drops HF
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(a) "eg. No. 27123 
Alloy No. 2k

/ ^

■■ «-3
,‘*‘^ • nm:

■

(b) Neg. No. 27124 
Alloy No. 25

Figure 72 Miorostructures of Allpys No. 24 (Cb-l6.9i-35.2Hf'^.3Tl) 
and 25 {Cb-l6.7W-55.2Hf-ll.0Ti) Air-Oxidized for Sixty- 
Five Hours at 2000*F.

Magnifiiation: 200X Etchant; 50p Lactic Acid -
3p HNOj - 2 Drops HF
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14 . 4W-35 . Hf) an 27 ( b-15.5W-36 .0Hf-o .~T i-0.048N-C .052C ) 
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Figure 75. Weight Gain and Total Penetration for Alloys No . 29 (Cb-
15.0W-35.6Hf-6.4Ti-0.11C) and 28 (Cb-15.7W-34 .9Hf-5.5Ti-
2.2Al-2.0V) Air Oxidized at _2000°F. 
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E TIO VII I 

'E ERAL DI ON 

In the f regoing section of thi re rt the r e ult obtained on this 
program have been detailed with a ro riate vu s ion; therefore, this 
section of the report provide eneral commentary v ncerning the results 
in relation to the objective f the tu y - evel µnent of c lumbium­
base alloy for use as a bla e material at a temperature of at least 2000°F 
in gas turbine engines. 

The requirements of oxidation resistance, tren th, and fabricability 
placed upon a material for applice.tfon a a turbine blade are very strin­
gent. Most often these requirements bee me mutually exclusive when an 
attempt is made to develop acceptable t otal properties in a given mate­
rial. This was evident for the alloys studied on this program. However, 
considering only oxidation resistance, improvement was appreciable for 
those alloys of the Cb-W-Hf system containing moderate amounts of tungsten 
and fairly large amounts of hafnium. The me~hanism for t his improvement, 
i.e. a uniform, slowly advancing, internal oxidation front promoted by a 
high hafnium content, and an influence of turgsten in affecting the ki­
netics of internal oxidation and scale forma~, ! ,m, offers an interest in 
and perhaps realistic approach for alleviati.:1g the oxidation problem, 
which is characteristic of useful columbium alloys . Lavk of a suitable 
solution to this problem is the principal deterrent in their use as 
turbine blade materials. Although the oxidation resistance shown by the 
alloy Cb-15W-35Hf probably would not be adequate for utilizati n of this 
composition in the bare condition, the safeguard t his improved property 
woold provide such an alloy for use in the coated vondition could be 
significant. 

Tungsten and hafnium are very effec~ive short-time strengtheners of co­
lumbium, but at the expense of ductility. Pro per thermal mechanical 
processing could minimize this effect. The creep-rupture behavior 
of the Cb-W-Hf alloys is not outstanding, and it was unfortunate (al ­
though not surprising) that the addition of titanium aggrevated the 
problem since this elernent provided an increase in oxidation resistance . 
The ineffectiveness of a nitrogen ai1d/or carbon addition to a titanium 
becring alloy for improving creep strength was unexpected. Perhaps 
strength would have been benefitted more by an interstitial alloying 
addition to the composition Cb-15W-35Hf at some sacrifice in oxidation 
resistan e through the elimination of titanium. Again, suitable thernal 
mechanical processing could improve the effectiveness of th, ,e common 
strengthening additions. 

A fabrication evaluation of the various alloys studied was not exhaustive; 
although it was apparent in forging operations that pressing was preferred 
to hanmering. Good fabricability would be required of turbine blade ma­
terials unless casting be considered. 
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ECTION IX 

CONCLUSIO D RE O'.AME DJ\TIONS 

From th experimental r e ult of t his pro ran the f ollowing concl usions 
can be drawn : 

(1) /\!though t he columbium alloy inve ti at ,ed did not meet the 
total property re ui site s placed upon , P. material for turbine 
blade applications, the improvement sten i n oxidat i on re­
sistance by alloying columbium with t ung t n and hafnium 
wa s significant . 

(2) The mechanism for improv d oxidation re sistance of Cb-W-Hf 
alloys containing moderate amounts of tungsten and rela­
tively large amounts of hafnium offers a i nter stin and 
perhaps relili stic approach for alleviatin t he oxidation 
problem which i characteristic of useful columbium alloys . 

(3) Within the composition limits of t he Cb-W-Hf' system studied, 
the alloy Cb-15W-35Hf presented the best compromise between 
oxidation r esistance, fabricability, and strength properties. 

(4) Although further improvement in oxidation r sistance was 
achieved by alloying b-1 5W -35Hf with the elements titanium, 
aluminum, and vanadium, the improvement wi.1s obtained at the 
expense of strength and f abricability. 

. ' 
(5 ) Tungsten am haf nium are very effective short-time 

strengtheners of columbium, but at t h expense of ductility 
when present in the amount r equire for signifi cant i mprove ­
ment in oxidation behavior, i.e., 15 percent tun sten and 
35 percent hafnium. 

(6) The creep-rupture behavior of b- - Hf alloys was not out -
standing. 

Columbium-base alloys should r.ontinue t o e considered f or blade appli ­
cations in gas turbine engines. In thi s regar , t e followin recom­
memations can be made for future work in the area of b-W- Hf alloys : 

(1) Screen additional alloy based upon the ternary composition 
Cb-15W-35Hf with additions of le ss than 5 percent titanium 
and less than 2 percent each of al uminum and vanad i um t o 
determine whether oxidation r sistance , strength, and 
fabricability can be optimized. 
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( ) Reinvestigate the effect o: additions of nitrogen and/or car­
bon on strength to detennine if improvements can be made by 
suitable heat-treatment of the alloy(s). 

( 3) Scale-up the preparation of one or more pranising alloys and 
characterize as follows: 

(a) Establish the temperature limits or fabrication am de­
tennin.? if a blade configuration can be successfully 
forged; 

(b) Carry out an extensive mechanical property evaluation 
including tensile am creep-rupture testing over a 
wide temperature range; 

( c) Establish the effect or thermal mechanical processing 
on mechanical properties; 

(d) Perform a complete study or oxidation behavior including 
rate studies ~nd identification or scales; 

(e) Determine the effect or oxidation on mechanical 
properties; 

(r) • Study coatability or the alloy(s) am the effect or 
coating on mechanical properties; and 

(g) Test coated alloy(s) for oxidation resistance in a high 
velocity gas stream. 

"( 
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TABLE Y 

ATA FOR PREPAAA ION OF 0.75-INCH DIAMETER BY 2.5-INCHES LCJiG 
~A$£ I! QOT Of Cb-;i51-30Ta 

Weight of Charge 

Cb 0.67 powi 
I 0.375 " 
Ta o.450 " 

TOTAL 1.5 powids 

Amperage Requirements 

8oo amps for 1-1/2 minute to puddle button 
1900 amps for 1/4-minute to complete drop cast 

Ingot !eight (including hot top) 

o.88 pound 

.Skull Weight 

Balance 

136 
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CQ4PARISON BE1JEEN CAJ&JJLADP ANP NWJZJP INTERSTITW. 
co,nprs AF QRQP-CMI Qb-J-TJ •IJ!V§ 

ca,~aw.11&1J C1i11DOSilii'1D Ana;Ltaii CSPP9filiism 

Alloy lli. i ~r1.Cl) l!l!I 
12& a L II. w. 2 li Ii Mo 2 Ji 

l Bal 10 15 48 70 4 44 26o ~ 17 
390 530 10 

2 Bal 10 30 48 65 3 41 90 472 16 

Bal 25 15 90 108 3 53 170 620 14 

4 Bal 25 30 90 103 ,.3 50 170 348 ll 

5 8&l 22,5 17,570 87 2 47 130 350 3 
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2(Cb::9.81-26.3Ta), AND 6CCb-9,81-l.6Hf) AFTER FABRICATION 

Alloy Interstitial Analysis Cppml 
..JL... carbon px,ygen Hvdrogen 
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6 50 63 1 
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• TABµ; xx 

uvrr CE IIEA:J: Dil6'1WNI a. m; HARD~ AND l&lCROSTRllCTURE 
• OF IBAPGffl' Qb:1-Io 6IJQYS 

One Hour 
Annealing Estimated 

Alloy C<Jlpoaition Temperature Hardness Recrystallization 
.JtQ.... CW@ipt PcrACnt} ( •F} (pPH} CPerGCntl 

1 Cb-10. ,W-15.6Ta As-swaged 223 Nil 
2000 195 10 
2200 179 50-75 
2400 171 100 
2600 170 100 
2300 173 100 
3000 178 100 

2 Cb-9.8W~. }Ta As-naged 241 Nil 
2000 206 Nil 
2200 1~ 25 
2400 173 50-75 
2600 171 90-95 

• 2600 179 100 
3000 178 100. 

' Cb-25.1W-15.8Ta As-extruded ~ 3 
• 2200 ~ 3 

2600 271 50 
3000 276 100 
3400 274 100 
3600 272 100 

4 Cb-24.6w-,1.6Ta As-extruded · 357 Nil 
2200 346 3 
2600 348 10 
3000 314 100 
~ 100 
3400 316 100 
3600 325 100 

5 Cb-16. g,-2,.8Ta- As-forged 265 Nil 
2000 244 Nil 
2200 246 Nil 
2400 245 Nil 
2600 232 100 
2800 237 100 • 
}000 238 100 
3200 235 100 

• 

• 153 
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• TABLE XXII 

E[Vll'r.:C CE HEil IBEl'IViVI' 1:11 'l'HF. UARnNF~ 6W2 lll~RrnTRI[C'ruRE 

• OF IROUGHl' Cb_.-Hr ALU>YS 

One Hour 
Annealing Estimated 

Alloy caap,sition Temperature Hardness Recrystallization 
.Jig._ <•etfht rereentl < • F) (DPH} (Percent) 

6 Cb-9.8W-1.6Hr As-swaged 227 Nijl. 
2000 187 Nil 
2200 156 I 50 
2400 162 90~95 
2600 150 . 100 
2600 164 100 
3000 162 100 

7 Cb-10.61-:,0.8Hr As~xtruded 292 50 
2200 a,7 50 
2600 274 75 
2600 270 90 
:,000 ' 261 100 
3200 263 I 100 

8 Cb-24.ll~.4Hr As~xtruded 317 5 
2200 265 5 . 2600 264 75 
:,000 a,3 100 
}400 a,6 100 

I :,600 a,9 100 

10 Cb-14. 71'-18. 7Hr As~xtruded 293 10 
2200 235 10 
26oo a,4 ,50-75 
3000 270 100 
}400 a,9 100 
:,600 a36 100 

11 Cb~. 91-34. 9Hr As-forged 237 Nil 
2000 250 10 
2a:>o 254 25 
2400 247 75 
2600 a,o 100 
2600 245 100 
3000 252 100 

155 

I 



TABLE XXII (continued) 

One Hour 
Annealing Estimated 

Alloy Canposition Temr:rature Hardness Recrystallization. 
He, C•e1ght rersent) .F) {QPH} cremstl 

12 Cb~. 31-a'>. 3Hr As-forged 266 Nil 
2000 242 NU 
2200 239 25 
2400 2,S 75 
2600 240 ~ 
2700 255 , · 100 
a3oo 239 i 100 
3000 2}9 100 

13 Cb-4.0W-'4.4Hr As-forged a36 10 
2000 254 10 
2200 2lf6 25 
2400 254 90 
2500 258 100 . . 
2600 252 I 100 
a3oo 249 100 
3000 258 100 

14 Cb~. ,W-33.6Hr As-forged ~ Nil ' 
2000 263 ' 2200 257 50 • 
2400 258 90 
a'>OO 265 100 
a3oo 265 100 

' ,000 267 ·. 100 

Cb-14.21-26.SHr As-forged '59 l . 
2200 '25 100 
2600 <: - 140 100 
a300 '4, ' 

, 
• 100 

3000 ·342 100 
3200 ,i.a ·, 100 

. .. 

156 
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