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ABSTRACT 

A high strength columbium base alloy, Cb-28W-2Hf-0. 067C, developed for potential 

gas turbine blade applications was scaled-up to 3 inch diametf> ingot size and processed to 

bar stock for mechanical property evaluation. Studies of recrystallization, grain growth, and 

response to thermal-mechanical processing were carried out to characterize the material. 

Detailed investigations of carbide phase identity, stability, and morphology were undertaken 

to correlate structure with mechanical properties. A metastable zeta carbide phase sim ilar 

to the zeta phase found in the Ta-C system was observed to form in materia I ofter annea Ii ng 

at temperatures above 1700°C, which subsequently transformed to the cubic (Cb,Hf)C 1 _x 

phase on aging at intermediate temperatures. Phase boundaries were established for the 

columbium rich region of the Cb-W-Hf-C system. 

Mechanical property studies were carried out on material in a number of structural 

conditions. The best combination of low temperature ductility and high temperature creep 

strength was exhibited by material annealed 1 hour at 1700°C following extrusion and worm 

swaging. Material in this condition had a 100 hour rupture strength at 1315°C (2400°F) of 

25,500 psi, corresponding to a strength-density ratio of 68,500 inches. Room temperature 

elongation was 11%. Electron microscopy studies indicate that the carbide phase in this 

alloy may contribute considerable strengthening by the stabilization of dislocation networks. 

A section of extruded bar stock was successfully precision forged into a turbine blade 

by another Air Force contractor. 

A limited study of the substitution of 1 atomic % Zr for 1 atomic % Hf in carbide 

strengthened alloys showed essentially no difference in creep strength, although the hafnium 

containing alloy was more fabricable. 

(This document is subject to special export controls and each transmittal to foreign 

governments or foreign nationals may be made only with prior approval of the Physical Metallurgy 

Branch of the Air Force Materials Laboratory (MAMP), Wright-Patterson Air Force Base, Ohio). 
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I. INTRODUCTION AND SUMMARY 

This program was undertaken to develop a columbium base alloy suitable for O!)plica­
tion as a gas turbine bucket material. Mechanical property target values of a 100 hour rupture 
life at 2400°F of 70,000 inches (on a strength-density basis) and 5% (minimum) tensile elonga­
tion over the entire operating temperature range were selected. Further requirements were 

that the alloy be capable of being forged into a complex air foil shape, as well as having, 
ideally, resistance to shock and thermal cyclic loading, good fatigue characteristics, coatability, 
and tolerance for minor coating defects. 

Nickel and cobalt base superalloys are being utilized in the high temperature sections 
of present and advanced gas turbine aircraft engines. The superalloys are limited to maximum 
blade or vane temperatures of approximately 1800°F althoJgh considerably higher inlet tempera­
tures have been achieved by the use of cooled turbine designs. Refractory metal alloys in 
general and columbium base alloys in particular hove long been considered as replacement 
materials for the high temperature sections of gas turbine engines. However, the potential of 
columbium base alloys has not been realized because of the poor reliability of present day 
coatings (or coating techniques) and suprisingly only a relatively moderate strength advantage of the 
current generation of columbium base alloys over existing superalloys in terms of resistance to 
creep deformation. This moderate strength advantage has been essentially eliminated with the 
recent advances in cooled turbine technology. The results of the current program, however, 
have demonstrated that very high strength columbium alloys, with adequate fabricability to 
permit precision forging of complex turbine buckets, can be considered for gas turbine applica-
tions. The alloy XB-88 (Cb-28W-2Hf-0. 067C) developed during this program offen a 600 to 
B00°F temperature advantage over the best available superalloy and a 300 to 400°F advantage 
over the current generation of columbium base alloys (see Figure 1). 

Coating reliability remains the number one obstacle to the use of refractory metals 
and therefore coating development is q ite logically receiving continuing support from 
government and private sectors. Recently a fresh new approach to the coating reliability 



100 

90 

80 

70 

60 

so 

40 

·-a. 30 
§ ... 

I 

! 
i. 20 
:::, 

GI:' 

.: 
% 

8 .... 
0 .. 
i .. .. 

4" 10 

9 

8 

7 

6 

s 

--..._ 
.................... 

1600 1800 2000 2200 
0 

Temperature, F 

XB-88 

2400 2600 

Fl G URE 1 - 100 Hour Rupture Sirength vs. Temperature for XB-88 c. nd Other 
Gas Turbine Bucket Materials 

2 



problem has been initiated by the Air Force Materials Laboratory. A program is now underway 

to establish the feasibility of a duplex or composite turbine blade consisting of high strength 

columbium alloy core clodded with a ductile oxidation resistant columbium base alloy. The 

clodding alloy would then be coated to provide oxidation resistance. If a flow develops in 

the coating, the clod alloy would have sufficient oxidation resistance to prevent catastrophic 

failure. The alloy XB-88 evaluated in this report would be a logical core alloy candidate. 

During the first phase of this program, the Cb-W-Hf-C system was selected as the 

most promising system for achieving the mechanical property goals. The effects of composi­

tional variables on mechanical properties were evaluated, and the results of this study led to 

the se lection of a Cb-28W-2Hf-0. 067C alloy (designated XB-88) for more detailed investiga-
1 

tion. These initial studies ore described in a previous report 

During the second phase of this investigation, described in this report, experimental 

work was concentrated on scale-up of XB-88 to 3 inch diameter ingots , and optimization of 

mechanica I properties with respect to high temperature creep strength and low temperature 

ductility. Previous work in this program demonstrated the pronounced effect of structure on 

the creep properties of dispersed phase strengthened columbium-base alloys. High temperature 

annealed, essentially fully recrystallized structures provided significantly enhanced creep 

strength, both in terms of lower secondary creep rC"tes and longer rupture lives, compared to 

wrought structures. The strength improvement resul ting from high temperature annealing is 

associated, directly or indirectly with changes in carbide identity, morphology, and/ or 

distribution. Consequently major emphasis was devoted to studies of dispersed phase identity, 

stability, morphology, and distribution in order to establish a correlation between structure 

and mechanical properties. Thus in this report,ohservations on phase relationships, recrystal 1-

ization and grain growth, and microstructure are described in detail to provide a proper refer­

ence for evaluating and interpreting mechanical property data. 
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Studies of the effect of prior thermal-mechanical processing on thf: properties of 

XB-88 showed that material processed by extruding at 1930°C (3500°F), followed by swaging 

at 1300°C, with a final anneal of 1 hour at 1700°C, exhibited th~ best combination of high 

temperature creep resistance and low temperature ductility. The finol anneal at 1700°C 

provided a structure which was almost fully recrystallized, with a relatively fine grain size. 

The room temperature tensile strength of the material annealed 1 hour at 1700°C was some­

what lower than that of specimens in the stress-relieved condition (i.e., material given a 

final anneal at temperatures below 1700°C) but room temperature ductility was superior. The 

extruded, swaged, plus annealed 1 hour at 1700°C condition was thus chosen as the reference 

condition for detailed evaluation of creep rupture and tensile properties. 

The tensile properties of XB-88 in the reference condition were determined over 

the temperature range of - 110°F (-80°C) to 2500°F (1370°C), and the data are plotted in 

Figure 2. The low temperature ductility values improve markedly slightl y above room tempera­

ture, with reduction in area increasing from 8% at room temperature to 24% at 200°F (93°C). 

The plot of ultimate strength versus temperature showed typical strain aging response, with a 

strength maxima extending over the range from 760°C (1400°F) to 980°C (1800°F). High 

temperature tensile strength values were quite high, R6,000 psi at 1095"( (2000"F) and 

46,800 psi at 1370°C (2500°F). The tensile strength values are quite comporable to those 

obtained initially on XB-88 processed from a 2 inch diameter ingot. 
1 

The elevated tempera­

ture tensile ductility was excellent. 

Creep rupture properties were evaluated over the temperature range 980°C (1800°F) 

to 1315°C (2400°F). The rupture properties of XB-88 in the reference condition for the various 

test temperatures ore given in the log stress versus log rupture time plot of Figure 3. Both 

rupture and 1% creep data are summarized in the Larsen-Miller plot of Figure 4. In addition 

to attractive creep-rupture properties, XB-88 in the reference condition had low secondary 

creep rates. The transition from second to third stage creep, however, occurred at low strain 

values, on the order of 2%. 
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The 100 hour rupture life of XB-88 in the reference condition as a function of test 

temperature is give,. below in Table 1. 

TABLE 1 - 100 Hour Rupture Strength of XB-88 in Reference Condition 

Temperature 
(°C/F) 

1315/2400 
1215/2200 
1095/2000 
980/1800 
* Density = 0. 373 lb/in3 

** Estimated value 

100 Hr. Rupture Life 
(psi) 

25,500 
36,000 
56,000 
74,000** 

Stress/Density* 
(in) 

68,500 
96,500 

150,000 
198~500 

The 100 hour rupture strength/density ratio of 68,500 inches at 131 s°C (2400°F) is quite close 

to the target property of 70,000 inches. During the first phase of this program a value of 

74,000 inches was obtained for XB-88 (heat VAM-00) in the high temperature (2000°C) 

annealed condition, although this material had no room temperature ductility. It was found 

in the current study that the 2000°C anneal provided poorer rupture properties than the 

reference condition. Micrastructure and chemical analysis of the two heats of XB-88 were 

quite comparable, hence the difference in properties may be attributed to processing difference 

inherent in scaling up to larger ingot sizes. 
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11. GENERAL EXPERIMENTAL PROCEDURES 

Alloy Preparation 

Alloys were prepared in rhe form of 2. 85 inch diameter ingots by consumable electrode 

AC vacuum arc melting. The electrodes were fabricated using the highest purity maferials 

commercially available. The vendor's chemical analysis of the columbium base material is 

listed in Table 2 The source and form of the alloy additions are listed in Table 3. 

First melt electrodes were prepared using the sandwich technique described by Ammon 

and Begley 
1
~ Starting materials were rolled to the appropriate thickness and sheared to size. 

Final weight adjustment was accomplished by etching to !_1% of the required value. The strips 

were assembled to provide the nominal composition and then welded together in a vacuum 

purged weld chamber under a high purity helium atmosphere to maintain the integrity of the 

composite during melting. Carbon, which was added as high purity graphite cloth, was wrapped 

in columbium foil and placed between the strips of material which comprised the electrode. 

The first melt electrodes, 0. 95 inch by 0. 88 inch by 43 inches long, weighing 10 pounds, were 

melted into a 2 inch diameter water cooled copper mold. The furnace chamber was evacuated 

to below 1 x 10-5 torr prior to melting and the chamber pressure did not exceed 5 x 10-4 
torr 

during melting. The arc was stnick on a starting pad of the same composition as the electrode. 

The first starting pad was an arc melted button of the XB-88 composition. Subsequent starting 

pads were taken from the top of the preceeding first melt ingots. Melting was accompllshed 

at approximately 2400 amps and 30 volts, with the current being reduced to 1350-1500 amps 

to hot top the ingot. The average melting rate was approximately 2 pounds per minute. 

Because of the uniform electrode burnoff with AC melting, sound homogeneous ingots were 

produced by the first melt. 

The first melt ingots were lathe conditioned on the ends, and then drilled, tapped, 

and studded together to form the second melt electrodes. The studs used were machined from 

XB-88 bar. After assembly circumferential welds were made to reinforce the electrode. 
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TABLE 2 - Chemical Analysis of Columbium Base Metal 
(Vendor Ingot Analysis) 

Analysis (ppm) 

lot Lot 
Element 8981060 8981061 

C 30 30 
N 35 20 
0 60 50 
H 4.3 2.4 
Al 20 20 
B 1 1 
Cb Bal. Bal. 
Cd 5 5 
Co 10 10 
Cr 20 20 
Cu 40 40 
Fe 50 50 
Hf 80 80 
Mg 20 20 
Mn 20 20 
Mo 20 25 
Ni 20 20 
Pb 20 20 
Si 50 50 
Sn 10 10 
Ta 500 690 
Ti 40 80 
V 20 20 
w 30 120 
Zr 100 175 
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Alloy Element 

Columbium 

Tungsten 

Hafnium 

Carbon 

TABLE 3 - Source and Form of Alloy Additions 

Form 

Plate 

Sheet 

Sheet 

Graphite 
Cloth 

11 

Source 

Fansteel Metallurgical Corp. 

Fansteel Metallurgical Corp. 

NUMEC 

National Carbon 



These electrodes were remelted using AC power at 2700 amps and 30 volts. The ingots were 

hot topped at 2100 amps. Five ingots of XB-88 were produced during the program. The first 

ingot (VAM-88-AI) was melted into a 3 inch diameter mold. Difficulties during extrusion, 

which will be discussed later in this report, necessitated the melting of the remaining ingots 

into a 2. 85 inch diameter mold. An example of a final double arc melted ingot of XB-88 is 

shown in Figure 5. The chemical analyses of the ingots are listed in Table 3. The composi­

tions are very close to nominal and show excellent reproducibility from ingot to ingot. 

Extrusion. The first ingot, VAM-88-A2 was surface conditioned, cut in half, and 

machined with a 60 degree nose chamfer. The bi I lets were then plasma sprayed with a 0. 020 

inch coating of molybdenum. The two billets were extruded at the Air Force M:Jterials 

Laboratory at 1930°C (3500°F) and 2040°C (3700°F) respectively . The extrusion ratio was 

approximately 9:1. The resultant extrusions were of poor quality with numerous circumferen­

tial tears due to die friction. Approximately 0. 25 inch was machined from the diameter 

before the cracks cou Id be removed. 

While plasma sprayed molybdenum coatings had previously been used successfully 

for lower temperature Dynapak extrusions, 
1 

conventional extrusion of the plasma molybdenum 

coated billets result_ed in radial cracks and a poor extrusion surface. Based on this experience, 

thin wall molybdenum cans were used for subsequent extrusion billets. The remaining ingots 

were melted into 2. 85 inch diameter molds, surface conditioned to 2. 75 inch diameter, and 

extruded in a 0. 125 inch thick molybdenum can. Ingots VAM-88-81 and VAM-88-82 were 

successfully extruded at 1930°C at an extrusion ratio of 5. 5:1. The resultant extrusions are 

shown in Figure 6. 

To evaluate the properties of material which had been hot extruded to final size, 

sections of extrusion VAM-88-A2 which had previously been extruded at 2040°C (3700°F) 

and a 9:1 extrusion ratio, were conditioned to 0. 75 inch diameter and placed in a molybdenum 

12 
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figure 5 - Three Inch Diameter Ingot of XB-88 (Cb-28W-2Hf-0.067C)



TABLE 4 - Chemical Analysis Data for XB-88 (Cb-28W-2Hf-0. 067C) 

Ingot Analysis (w/o) 

Heat No. Location w Hf C 0 N 

VAM-88-A2 Top 27.6 1. 89 0.066 0.0014 0.0041 
Bottom 27.8 1. 82 0.068 0.0042 0.0041 

VAM-88-Bl Top 27.4 1. 88 0.066 0.0019 0.0043 
Bottom 28.0 1. 80 0.066 0.0031 0.0048 

VAM-88-B2 Top 27.0 1.85 0.068 0.0019 0.0057 
Bottom 27.4 1. 88 0.066 0.0029 0.0050 

VAM-88-Cl Top 27.2 1. 84 0.068 0.0031 0.0033 
Bottom 27.2 1. 88 0.070 --- 0.0030 

VAM-88-C2 Top 27.2 1. 82 0.065 0.0021 0.0041 
Bottom 27. 1 1. 90 0.067 0.0027 0.0030 
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FIGURE 6 - As-Extruded XB-88. Extruded at 1930'*C(3500'*F) and 5.5:1 Extrusion Ratio



can as show., in Figure 7. This configuration was used to permit the extrusion of several short 

sections of mai·erial in one billet. The billet assembly was extruded at 2040°C (3700°F) at a 

reduction ratio of 2: 1. The double extruded billet was pickled in aqua regia unti I the 

molybdenum was remcved. The columbium alloy was not attacked by the pickling solution. 

The second extrusion provided excellent quality rod. 

Swaging. All swaging operations were conducted at 1300°(. The material was reduced 

from single extruded material to 0. 440 inch diameter bar stock without intermediate annealing. 

The extrusions from ingots VAM-88-81 and VAM-88-82 had a 0. 050 inch residual co-extruded 

layer of molybdenum from the extrusion can. ,his coating provided protection from contamina­

tion during swaging. The remaining traces of molybdenum on the bar were removed during 

specimen machining. The total loss of material processed in this manner from conditioned 

billet to bar stock was only 9. 8%. By contrast, ingot conditioning losses amounted to 23%. 

The total yield of bar stock from ingot was approximately 70%. Figure 8 shows the general 

flow diagram followed during the processing and evaluation of the material produced during 

the program. 

Heat Treatment 

Heat treatments were carried out in tantalum and tungsten element resistance heated 

vacuum furnaces. These cold wall furnaces are capable of maintaining pressures below 

5 x 10-6 torr at temperature. Specimens for heat treatment were etched in a HNO
3

-HF 

solution, rinsed, and wrapped in tantalum foi I. Temperatures up to 1600°( were measured 

by Pt-Pt/Rh thermocouples. At higher temperatures a calibrated optical pyrometer was 

utilized for temperature measurement, with suitable corrections being applied for the sight 

port transmittance. To insure reliable and consistent environmental control, the furnace leak 

rate was checked before each annealing cycle. Any significant increase in the hardness of 

the check sample resulted in a complete examination of the furnace. When a more rapid 

cooling rate than that achieved by normal radiation cooling was desired, high purity helium 

was admitted to the furnace chamber at the termination of an annealing cycle. This provided 

16 
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FIGURE 7 - Billet Configuration for Double Extrusion of XB-88 (VAM-88-A2) 
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a cooling rate of approximately 400°C/min. as compared to approximately 60°C/min. for 

radiation cooling (to below black heat). 

In a number of heat treatments the normal heat up rate or helium quenching rate 

was too slow for the short time recrystallization studies ( flash heat treatments) or rapid 

quenching studies. In these cases a 10 KW R. F. induction furnace was used because of the 

short haating and cooling times. The heating time from room temperature to 2200°C was 

approximately 1 minute and the normal cooling rate from 2200°C to 1200°C (the tempercture 

beyond which phase transition is extremely slow) was 2000°C/min. The short time inducth'm 

anneals were carried out in a flowing argon atmosphere. 

The normal cooling rate or helium "quenching" rate was found to bie too slow for 

accurate interpretation of elevated temperature phase relationships. The ~roblem was to 

devise a simple quenching system in which the quenching media would not contaminate either 

the vacuum system or the heating elements. The above problems were circumvented by 

encapsulating the specimens in quartz capsules, heating in an induction furnace, and quench­

ing the specimen by dropping the capsule into a brine solution an-:! breaking the glass. Contact 

between the specimen and the quartz capsule was prevented by suspending the specimen on 

a tungsten wire from a glass hook in the capsule as shown in Figure 9. The quartz capsules 

were repeatedly flushed with argon and then evacuated prior to closure. The temperature 

was mea~ured by sighting into a black body hole in the specimen with a calibrated micro­

optical pyrometer and applying the appropriate correction for the quartz capsule wal I. 

The specimens were cooled from the elevated annealing temperature (2000°C) to the 

cessation of brine boiling in 4 to 5 seconds, or a quenching rate of 400°C to 500°C per 

second. The contamination layer of 1-2 mils formed by the :;hort exposure to the brine solution 

was removed by grinding and etching prior to metallography and x-ray diffraction analysis 

of the extracted phases. 
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Induct ion Coil 

FIGURE 9 - Quartz Brine Quenching Capsule 
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Mechanical Property Testing 

The mechanical properties of the alloys were evaluated by means of hard .. ess, tensile, 

and creep-rupture tests. 

Creep-Rupture Test Procedures. Creep-rupture tests were conducted in Satec Model 

VC-100 stress-rupture units. These are 5 to 1 lever machines with tantalum sheet heating 

elements capable of operation at temperatures up to 1650°C. The vacuum chamber is capable 

of pressures down to 5 x 10-
7 

torr. The pumping system incorporates a liquid nitrogen cold 

trap with automatic nitrogen level control. Leak rates of the systems are generally less than 

1.7 x 10-\c atmosphere/sec or a pressure rise of less than 1 micror\l"hr. Pressures are measured 

with a CVC hot cathode ionization gage. The furnace is powered by a saturab le core reactor and 

controlled with a Barber-Cc-lemon MMC control unit to:_2°C, with temperature being measured 

by Pt-Pt/Rh thermocouples. The temperature gradient over a 1-1/2 inch gage length is within 

:_2°C. A Satec extensometer used in conjunction with a Wiedemann measuring system is used 

to measure deflections as low as 0.040 inch over a 10 inc:;p recorder range. The stress-rupture 

specimens are shoulder loaded, having a 0.180 inch gage diometer,and a 1.5 inch gage length. 

Tensile Testing. Low temperature tensile tests were conducted at a constant stra~n rote 

of 0. 05 in/in/minute, us ing specimens having a 0. 180 inch gage diameter and a 1. 5 inch 

gage length. Elevated temperature tensile tests were carried out by Metcut Research Assoc., 

Inc., following the procedures outlined in MAB 192-M. Tests were conducted on a Baldwin 

B. T. E. 60,000 pound testing machine equipped with a 0-1200 pound scale. A stainless steel 

vacuum chamber with tantalum resistance element heaters provided protection from the 

environment. All testing was done at pressures below 5 x 10-6
 torr. The tensile specimens 

were identical to the creep-rupture bars, and tests were carried out at a strain rate of 0. 05 

ir./in/minute. 
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Meta I lography 

Samples for metallographic examination were ground on 240, 400, and 600 grit silicon 

carbide papers, and then polished through 30, 15, and 6 micron diamond abrasive on a hard­

finish cloth. The mechanical polish was continued on a short-pile cloth charged with a thick 

slurry of Linde B alumina in water. Finally, the specimens were acid polished by adding a 

solution of 25 parts of 10% chromic acid, 25 parts of concentrated sulphuric acid, and 10 parts 

of 48% hydrofluoric acid to the polishing cloth while still charged with Linde B. The specimens 

were then electropolished u; ing as an electrolyte the same solution used for etch polishing. 

The electrolytic polishing was generally sufficient to clearly delineate precipitates. If 

additional definition of grain boundaries or other microstructural features was necessary, the 

sample was etched in a solution consisting of 1 part concentrated nitric acid, 1 part 48% 

hydrofluoric: acid, and 2 parts glycerine. 

Electron Metallography 

Surface replicas for electron microscopy were prepared using a two stage parlodion­

carbon technique. The replicas were shadowed with chromium and examined using a JEM-6A 

electron microscope. The fol lowing procedure was developed for preparing thin foi Is of 

XB-88 (Cb-28W-2Hf-0. 067C) for examination by transmission electron microscopy. Approxi­

mately 40 mil thick slices were cut from the XB-88 specimen to be studied. These ~I ices were 

then mechanically thinned by successively grinding on water cooled 120, 240, 320, and 400 

grit silicon carbide papers and finally on a 600 grit paper lubricated with stick wax. Material 

was removed from both sides of the slices until they were 3 to 5 mils thick. One-eighth inch 

diameter discs, punched out of the thinned sections, were then electropolished to a thickness 
0 

of less than 2000 A in a G. E. M. dual-jet thinning apparatus. The electrolyte consists of 

20 ml of concentrated sulphuric acid, 10 ml of hydrofluoric acid, and 370 ml of methyl alcohol. 

During elect opolishing, which takes from 20 to 30 minutes, the electrolyte temperature was 

maintained at -94°F (-70°C) by using dry ice in ethyl alcohol, while the current was maintained 

at 5 to 10 milliamperes by periodically adjusting the voltage and/or electrolyte flow rate as 

thinning progressed. The voltage generally ranges between 20 and 40 volts and was never 

22 



allowed to go below 15 volts.* The resulting self-supporting foils were then inserted directly 

into the electron microscope for examination. 

Phase Extract ion 

Two techniques were used in obtaining carbide phase residues suitable for x-ray and 

electron microscopic nalysis: (1) the bromine-methanol-tartaric acid solution tee mique and; 

(2) the electrolytic extraction technique. In the former technique, the specimen was wrapped 

with platinum wire and immersed in the tartaric acid-bromine-methanol solution for approxi­

mately a week or until a substantial portion of the matrix had dissolved. The dispersed phase 

settled to the bottom of the container and was centrifuged, rinsed, and made ready for evalua­

tion by electron microscope or x-ray diffraction techniques. The electrolytic technique i~ 

much faster. A residue may be obtained in a few hours. The specimen (anode) is suspended 

in a 7% HCI-Methanol solution. A 5 amp D. C. current flows through the specimen anode to 

a platinum cathode. The precipitates settled to the bottom of the container as the matrix of the 

specimen dissolved and were centrifuged, rinsed, and made ready for analysis. 

Phase Identification 

Material for x-ray diffraction studies was mounted in a glass fiber, and Debye-Scherrer 

diffraction patterns were obtained using nickel filtered CuK radiation. The material for 
a 

electron diffraction studies was ultrasonically dispersed in amyl acetate, transferred on to a 

carbon film mounted on specimen grids, and dried. 

X-Ray Fluorescence Analysis 

X-ray fluorescence analysis was performed on the extracted residues using a vacuum­

path spectrometer. A calibration curve was necessary to determine the relative amounts of 

Cb, W, and Hf present in each residue. Due to the availability of CbC and WC powders, 

*Polishing is stopped at initial penetration and the foil is carefully washed. 
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1(wc L) 
these were used to determine the calibration curve. The curve was plotted as a -------

l(wc la)+ I ChC Ka) 

versus w/o W using 0. 5 gram samples packed into holders. A similar curve using a very small 

sample volume (0. 018 g) was determined and plotted. Both sets of samples gave similar intensity 

ratios resulting in the same calibration curve, thus it was felt that the small amount of sample 

obtained by extraction was sufficient to determine the composition. 

Since the emitted radiation from the Wand Hf are similar in wave length, their 

absorption characteristics in a columbium matrix are similar. For this reason the values of the 

intensity for WC and HfC may be used interchangeablfi on the calibration curve. When determin-

• h • • f h k h • f (WC L + Hf C L ) d d h 1ng t e compas1t1on o t e un nown, t e ratio o a a was use an t e 

I (WC L + Hf C L + ChC K ) 
a a a 

w/o WC is W/o WC+HfC. The chart intensities of the W L and Hf L lines are then direct a a 
percentages of the total WC and HfC with CbC found by difference. The small difference in 

the mass absorption coefficients of the emitted wave lengths of Wand Hf in a Cb matrix results 

in accuracies of !_2% for W+Cb compositions to !_So/o for H~Cb mixtures. 

Chemical Analysis 

Sections from the top and bottom of each ingot were analyzed for W, Hf, carbon, 

oxygen, and nitrogen. An x-ray fluorescence method was used to determine the metallics. 

Samples dissolved in an acid solution were compared to standard solutions. Oxygen, nitrogen, 

and carbon were determined by the vacuum fusion technique, the Kjeldahl technique, and the 

Leco low carbon analyzer respectively. 
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Ill. RESPONSE TO THERMAL MECHANICAL TREATMENT 

Previous work in this program hos demonstrated the dominant role of structure on 
mechanical properties of columbium base alloys. In order to establish a basis for selecting 
thermal-mechanical treatments which would provide the best combination of high temperature 
creep strength and low temperature ductility in XB-88, it was necessary to evaluate micro­
structure and thermal response as a function of processing history. Initial studies 

1 
of 

Cb-W-Hf-C alloys were carried out using material which hod been Dynapok extruded at 
1250-1350°C, and subsequently swoged to final size at 1300°C. However, limited experiments 
suggested that improvements in mechanical properties could be achieved by using high tempera­
ture extrusion for ingot breakdown. Results of previous studies indicated that the best com­
bination of high temperature creep strength, rupture elongation, and low temperature ductility 
could be achieved with a fine groined recrystallized structure which was produced by working 
at temperatures high enough to permit carbide dissolution during working, and subsequent 
reprecipitation during cooling. Consequently, the structures developed during high temperature 
extrusion were investigated in detail. 

As-Extruded Structure 

Two billets of XB-88 were extruded at 1930°C (3500°F) at extrusion ratios of 9: 1 
and 5. 5:1 respectively. The billet having the lower extrusion ratio yielded the wrought 
microstructure shown in Figure 10. Microstructure changed appreciably with higher reduction 
ratio during extrusion. The photomicrograph of Figure 11a shows that the billet having the 9: 1 
extrusion ratio was comprised of bands of recrystallized material in a matrix having an 
apparent wrought structure. The extrusion was approximately 60% recrystallized. The 
recrystallized areas were comprised of fine grains having a mean groin diameter of 0. 007 mm 
(ASTM-12). The wrought appearing regions shown in Figure 11a are actually composed of well 
developed subgrains decorated with precipitates as revealed in the 1500X photomicrograph of 
Figure 11b. 
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A structure similar to that shown in Figure 11 was obtained from material extruded at 

an 9:1 reduction ratio at 2040°C (3700°F) (Figure 12). This material, however, was coarser 

in texture, having a mean grain diameter of 0. 014 mm (ASTM-10) in the recrystallized bands, 

and was approximately 90% recrystallized. The material obtained from the 2040°C extrusion 

was re-extrude·d at 2040°C. The extrusion ratio of 2: l was the maximum permissible to obtain 

useful materiol for mechanical property testing since the first extrusion had to be machined to 

0. 75 inch diameter to remove deep cracks. The microstructure of the double extruded bar is 

illustrated in Figure 13. ihe microstructure, in contrast to the almost fully recrystallized single 

extruded bar, was wrought in appearance and showed no sign of recr)6tallization. The 1500X 

photomicrograph of Figure 1 Jb shows a poorly defined substructure in the double extruded 

material. The difference in microstructure between single and double extruded material is 

attributed to the difference in reduction ratio, with the low ratio of the second extrusion 

resulting in an unrecrystallized microstructure. 

The final hot worked condition studied was XB-88 conventionally extruded at 1930°C, 

5 5:1 reduction ratio, and re-exl:ruded in the Dynapak at 1930°C, 8:1 reduction ratio. The 

resulting structure shown in Figure 14 was approximately 40% recrystallized with a well 

defined substructure in the "wrought" appearing bands. The cellular substructure is well 

decorated with precipitates which form during cooling. The microstructure of Figure 14 also 

differs considerably from the microstructure of the material conventionally extruded at the 

same approximate temperature and raduction shown in Figure 11. The recrystallized grains of 

the Dynapak ext uded material are more rectangular with the long groin boundaries perpen­

dicular to the extrusion axis. The mean grain diameter is larger in the Dynapak extruded 

material, because of the temperature increase (estimated at 200 to 300°C) arising from adiabatic 

heating during high speed deformation. 
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FIGURE 14 - Microstructure of XB-88 Double Extruded at 1930°C (3500°F).
Conventional Extrusion at 5:1 Reduction Plus Dynapak Extrusion 
at 8:1 Reduction.



Aging Studies. Heat treatment studies were conducted on XB-88 in the fol lowing 

conditions: 

1. Extruded at 1930°C (3500°F) 9:1 extrusion ratio (89°/4 reduction) 

2. Extruded at 2040°C (3700°F) 9:1 extrusion ratio (89% reduction) 

3. Extruded as in (l) abo,:e, swaged at 1300°C(65% reduction during swaging) 

Sections of bar representing each of the three conditions were annealed 2 hours at 2000\,C, 

and then aged l hour at temperatures ranging from 1000 to 1900°C. Room temperature hard­

ne~s data are shown as a function of aging temperature in Figure 15. The material in the three 

initial conditions, given the same solution and aging treatments, differ by only ~5 VHN. The 

data of Figure 15 support the premise that the high temperature annea Ii ng treatment erases the 

influences of prior processing variables on the microstructure and short time mechanical 

properties of this class of alloy. A very minor aging peak was noticed at 1200°c in the 

extruded plus swaged material similar to that observed for VAM-87 (Cb-22W-1Zr-0.13C) and 

VAM-78 (Cb-22W-2Zr-0.13C) presented in a later section of this report. A more significant 

peak with an amplitude of 20 VHN was observed at 1600°C. 

The aging peak observed at 1600°C appears to be associated with the transformation 

of the high temperature complex phase(s) to the low temperature face centered cubic carbide 

(Cb,Hf)C
1 

. The photomicrographs of Figures 16 through 21 show the effects of the 2000°C -x 
anneal and subsequent aging treatments on the microstructure of high temperature extruded 

plus swaged material. The carbide phase(s) in material annealed above 1600°C occur as 

acicular precipitates at grain and subgrain boundaries, as well as on preforred crystallographic 

planes within the matrix (Figures 16 and 17). At 1600°C and below the carbides became more 

massive and precipitation is more extensive, particularly on sub-boundaries, Figures 18, 19 

and 20. 

The sample aged at l 200°C (Figure 21) does not appear to differ substantially from 

the high temperature annealed structure. The kinetics of the precipitation of the cubic 

carbide are sufficien ly slow to prevent transformation during the l hour aging treatment at 
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FIGURE 16 ■ Microstructure of XB-88 Annealed 2 Hrs. at 2000 C

FIGURE 17 - Microstructure of XB-88 Anneoled 2 Hrs. at 2000°C Plus 1 Hr. at 1800°C
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FIGURE 18 - Microstnjcture of XB-88 Annealed 2 Hrs. at 2000 C 
Plus 1 Hr. at 1600°C
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FIGURE 19 - Microstructure of XB-88 Annealed 2 Hrs. at 2000°C 
Plus 1 Hr. at 1500°C



1200°c. The response to heat treatment of XB-88 is very similar to the behavior of the series 

of Cb-W-Hf-C alloys investigated during the first phase of this program, 

Recrystallization and Grain Growth 

The 1 hour recrystallization and grain growth behavior of XB-88 in the various 

co,ditions studied is summarized in Figure 22. As noted previously the 1930°C (3500°F) and 

2040°C (3700°F) extrusions were partially recrystallized during hot working to a mean grain 

diameter of 0. 007 mm and 0. 013 mm (in the recrystallized regions) respectively. The 1930°C 

extrusion was approximately 60% recrystallized and the 2040°C material was 90% recrystallized. 

The hot extruded material was not completely recrystallized after annealing l hour at 1700°C, 

even though the average grain diameter in the recrystallized areas had increased to 0. 019 mm. 

Above 1700°C recrystallization of both extruded conditions was complete and the grain growth 

characteristics were very similar. 

The material double extruded at 2040°C was not recrystallized during proc""ssing as 

was the severely worked single extruded specimen (see Figure 13). With this material the slope 

of the grain size vs isochronal annealing temperature (Figure 22) was somewhat flatter than 

that of the other conditions studied. 

The extruded plus swaged bar (extruded at 1930°C with a 5. 5: 1 reduction ratio, plus 

swaged 86% R. A. at 1300°C) recrystallized with a larger grain size than the as-extruded 

materia I. The recrysta 11 ization behavior of the extruded plus swaged materia I is illustrated 

by the photomicrographs of Figures 23 and 24, and the x-ray back reflection photographs of 

Figure 25. The high magnification photomicrogrophs (Figure 24) show the initiation of well 

defined subgrains after annealing 1 hour at 1400°C, becoming better d(:ve loped as anneal-

ing temperature is progressively increased to 1700°C. After annealing at 1800°C a completely 

recrystallized structure is obtained. The x-ray back reflection photographs of Figure 25 

confirm the microstructu;es i I lustrated in Figures 23 and 24. The reflections are poorly 

resolved at 1400°C to 1600°C becoming better resolved at 1700°C and completely defined 

at 1800°C. 
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Previous work in this program showed that high temperature annealed, fully recrystallized 

structures provided enhc.:nced creep properties compared to wrought structures. The strength 

improvement resulting from high temperature annealing is associated with cha~1es in carbide 

precipitate identity, morphology, and/or distribution. However, one problem encountered with 

the relatively large grained structures result ing from high temperature annealing is premature 

rupture in creep arising from grain brounoory separation. It was apparent that the rupture life 

of XB-88 could be increased significantly if the tertiary creep strain could be extended by even 

a small amount. Such an improvement might result from reducing the grain size in the presence 

of the carbide precipitate identity and morphology achieved by high temperature annealing. 

Consequently a study of the recrystallization, grain growth, and phase transformation kinetics 

of XB-88 as a function of time at 1800°C and 2200°C was carried out. 

Heat treatments were carried out at 1800°C on XB-88 in the extruded (1930°C) plus 

swaged (1300°C) and the double extruded (2040°C) conditions. The annealing times investi­

gated ranged from 5 to 60 minutes. The effect of annealing time on mean grain diameter is 

shown in Figure 26. The mean grain diameter of the swaged material varied from 0. 033 mm for 

the 5 minute anneal to 0. 065 mm for the 60 minute anneal. The double extruded material 

recrystallized to somewhat smaller grain sizes, varying from 0. 027 mm for the 5 minute anneal 

to 0. 048 mm for the 40 minute treatment. Bath materials apparently experience parabolic 

grain growth proportional tot 
1
~ as shown in Figure 26, although there is some scatter of the 

data due to the uncertainty of grain growth during heating and cooling. The microstructures 

of swaged XB-88 heated for 5, 10, and 40 minutes are shown in Figure 27. It is believed that 

the bladelike precipitates are the complex zeta phase (to be discussed later h this report) which 

forms metastably during cooling. The small, more equiaxed, blockier precipitates are 

probably cubic carbides. The amount of the cubic phase can be seen to decrease as annealing 

time increased to 40 minutes. These metallographic observations are corroborated by x-ray 

diffraction results presented in the next section of this report. 

Grain diameter versus annealing time for o similar series of annealing experiments at 

2200°C is also shown in Figure 26. Representative photomicrographs for the 15 second and 
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240 second heat treatments are presented in Figure 28. The decorated sub-boundary networks 

shown in the high magnification photomicrographs resulting from the 15 second anneal at 

2200°C are much less distinct after longer heat treatments. The few sub-eel Is remaining show 

an increase of size from approximately 11,J in the 15 second annealed material to about 7.,i in 

the 240 second annealed material. 

The data shown in Figure 26 are sufficient to calculate activation energy for 

grain growth and a rough approximation of the driving energy for grain growth, i.e. , surface 

free energy . Christian 
2 

developed a grain growth theory from irreversible thermodynamic 

considerations. The velocity of an interface due to small driving forces may be represented 

by : 

dO 
8 

dt 
= 8 

6 ( v/k) (y v A /T) exp(-t,G*/kT) 
V 

(1) 

where: DB = mean grain diameter 

t = time, sec. 

68 = jump distance across a grain boundary, 3 x 10-B cm 

'I = lattice vibration frequency :=t k T/h 

k = Boltzmann's constant 

h - · Planck's constant 

T 
0 

= temperature, K 

A -- area of grain boundary intllrface per unit volume =3. 35/08 
V 

-24 
V = atomic volume, ·::it9. 4 x 10 ems 

y = grain boundary energy 

t.G* = activation energy for grain growth 

Integrating equation 1 from 08 = D
O 

at t = 0 igives: 

(0
8
)2 •- (i\)

2 
= [3,j5yv 6 v/kT) exp(-t.G*/kT)] t (2) 
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It can be qualitatively shown that the positive intercepts of the extrapolations of the 1800°C 
and 2200°C D vs t 1/2 plots are due to recrystallization and grain growth during heating and 
cooling from test temperature. Therefore, D can be considered negligible in comparison to 

0 
D8. Equation 2 reduces to: 

D = K t 1/ 2 
B 

where K = (3.35yv6 v t/k) 1/ 2 exp(-~G*/knl/2 

(3) 

(4) 

and is the slope of the DB vs t 1/2 
curves in Figure 26. The activation energy is now obtain­

ab le from equations 3 and 4 by plotting in K vs + as shown in Figure 29 and setting the 
slope equal to ;;• . The activation energy was found to be 68,000 cal/mol. By assuming 
a vibration frequency of ~T = 5 x 10

13 
sec -l a value of 2600 ergs/cm2 was obtained for 

the surface or driving energy. The activation energy obtained abovei appears in reasonable 
agreement with what would be expected for the activation energy for grain boundary diffusion. 
The best that can be said for the surface energy is that the number is reasonable and is within 
an order of magnitude of what one would expect. The assumption of jump distance, area of 
grain boundary per unit volume ( tetrakaidecahedra grain shapes were assumed), and lattice 
vibration frequency which is known to l'ln order of magnitude at best, precludes an accurate 
calculation of y. 

The model for grain growth developed above should be useful in predicting grain 
growth behavior. At or below the solubility limit for carbon the model breaks dawn because 
the carbide precipitation impedes grain boundary motion. 
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IV. PHASE RELATIONSHIPS 

Considerable effort was devoted to carbide phase relationship studies during the 

earlier phase of this program 
1 

in an attempt to obtain a better understanding of the relation­

ship between precipitate identity, morphology, and mechanical properties. At that time the 

explanation and identification of complex phases from alloys annealed at higher temperature 

(>1700°C) and a more precise location of the phase diagram boundaries with respect to the 

alloy compositions under considerat ion were the major areas warranting further study. 

Most of the continuing phase relationshi~ effort has been on XB-88 (Cb-28W-2Hf-

0. 067C). However, alloys VAM-78 (Cb·-22W-2Hf-0. 13C), VAM-81 (Cb-22W-2Hf-0. 167C), 

VAM-85 (Cb-22W-1Hf-0.067C) and VAM-87 (Cb-22W-1Zr-O. 13C) were invest:gated to a 

limited extent to supplement the work done on the XB-88 composition. 

Phase l~entification 

Two "complex" phases then designated "X-1" and "X-2", were ob erved in the 

Cb-W-Hf-C alloys during the previous phase r~lationships study 
1
. The X-1 complex x-ray 

diffraction pattern was obtained from the lower carbon alloys annealed generally above 

1700°C. T'his phase occurred most frequently in the 0. 067 w/o C alloys VAM-80,no~ XB-88, 

VAM-85, and VAM-79. The X-1 complex was observed in alloys containing 0. 13 w/o C 

and was sometimes associated with the hexagonal (Cb,Hf,W)
2
C phase and the X-2 phase. The 

X-2 phase appeared somewhat related in occurrence to the X-1 phase but alwa ys appeared in 

the higher carbon alloys (0. 13 w/o and 0. 167 w/o C). 

Since alloy VAM-80 (Cb-28W-2Hf-O. 067C) was selected for scale-up and the X-1 

phase was always observed in this alloy, most of the study of these anomalous phases has been 

concerned with explaining the existence of the X-1 phase. 
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The "d" spacings and relative intensities obtained from the residue extracted from 
XB-88(extruded and swaged followed by annealing 1 hour at 1800°C and helium quenched) 
are given in column 2 of Table 5. This pottern is typical of a mixture of the X-1 phase and a 
fee cubic phase observed after short anneals at high temperatures. This pattern is very similar 

3 to the x-ray data reported by Chang on Cb-1 (Cb-30W-1Zr-0.06C-0.01O-0.04N) 1nnealed 
1 hour at 1930°C. This pattern is given in column 4, Tabl6 5. Chang interpreted this phase 
to be the hexagonal phase. A comparison of Chang's phase to the hexagonal M

2
C phase at 

the 0%Zr and 5%Zr limits of solid solution reported by Cornie et al
4 

and repeated in column 
7, Table 5 shows no similarity. Faunce and Pfacock5 have observed an almost identical 
pattern for extraction residues of the Cb-132M alloy in the recrystallized condition. 

A remarkable similarity was noted between the x-ray patterns of the X-1 phase 
reported above and the zeta phase observ~d by Brizes and Tobin 

6 
in the Ta-C system. Their 

11 d11 spacings and intensities are repeated in column 3, Table 5. Brizes and Tobin grew a 
discrete layer of zeta between the hexagonal Ta

2
C and the fee TaC

1 
_x phase fields during a 

diffusion experiment. The zeta phase would appear to be an equilibrium phase. However, 
the literature on refractory metals shows numerous claims and counter claims as to the !tability 
of the zeta phase. Zaplatynsk/ also observed the zeta phase in the TaC system, occurring 
as Widmanstatten pr cipitates in Ta

2
C and TaC

1
_x· He also observed a shift in some x-ray 

diffraction lines and intensities after the specimen was comminuted as shown in columns 5 and 
6 of Table 5. Zaplatynsky considered zeta in the Ta-C system to be a metastable phase 
formed on cooling, possibly due to a shear type transformation resulting from cooling stresses. 

From the above discussion of the data in Table 5 it was concluded that the X-1 
phase is isostructura I with the zeta phase in the Ta-C system and hereafter wi 11 be 
designated as zeta. At present the structure of the refractory metal-carbon zeta phase 
has not been determined. The above identification of the zeta phase is supported by Nowotny 
and his co-workers8 who have observed the zeta phase in the V-C and Cb-C systems iso­
structural with the zeta phase in the Ta-C system, giving essentially the same x-ray pattern 
reported here. 
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TABLE 5 - X-Ray Diffraction Data 
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Occurrence of the Zeta Phase in Cb-W-Hf-C Alloys 

The identification of zeta in the metal-rich region of the Cb-W-Hf-C system is 

certainl)" an exception to existing phase diagrams. Zeta appears in several refractory metal­

carbon binaries but was not observed in the Cb-Hf-C system
9

' 
10

, the Cb-W-C system 
11

, or 

the Ta-W-C system 
12

. If zeta is a stable equilibrium phase in the carbon dilute alloys the 

phase diagrams must be reinterpreted as shown in Figure 30. The question of temperature 

and compositional range of zeta occurrence and the possible influence of cooling rates must 

be evaluated before postulating its stability or refuting the existing phase diagrams. 

X-ray data obtained on extraction residues of XB-88 heated for a number of times 

and temperatures are shown in Table 6. The residue from as-swag~d (at 1300°C) material 

(column 1, Table 6) gave a diffraction pattern of a fee NaCl type carbide of a = 4. 55. 
0 

When this material was induction heated for 15 seconds, 240 seconds, and 30 minutes at 

2200°C and helium quenched to room temperature (columns 2, 3, and 4) a zeta phase plus a 
0 

fee NaCl type phase of a = 4. 45 A were formed. The intensity of the cubic carbide phase 
0 

decreased as annealing time increased. This was also noticed when comparing the l hour at 

2000°C (column 6, Table 6), the 2 hour at 2000°C (column 5, Table 6), and 2 hours at 2000°( 

plus l hour at 1800°C (column 7, Table 6) heat treatments in which the cubic phase disappeared 

completely leaving only zeta in the extraction residue in the longer time 2000°C heat treat­

ments. The variation of bulk extraction residue composition with heat treatment was studied 

by x-ray fiuorescence analysis. The results are given in Table 7. The hafnium content of the 

extracted phases decreased with annealing time at 2200°C and therefore decreased with the 

disappearance of the cubic phase. The most likely ,:.,plonation of this observation would be 

that the cubic phase is stabi Ii zed by local inhomogeneities of hafnium. The leveling of the 

Hf in the alloy requires a certain amount of diffusion time. Thus the more microsegregation 

of the hafnium in the original alloy, the mort: likely the formation of the cubic carbide either 

at temperature or upon cooling. The loco I hafnium inhomogeneities probably are residua I 

from coring in the ingot. 
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(a) Phase diagram of the (Cb,W)-Hf-C system based on
the metastable existence of zeta in carbon dilute alloys.

0 = bcc matrix

1 = hep M^C 

y = fee MC 1-x
f = zeta

(b) Required reinterpretation of (Cb,W)-Hf-C phase 
diagram if zeta is an equilibrium phase >n carbon 
dilute alloys.

FIGURE 30 - Possible Interpretations of the (Cb,W)-Hf-C Phase Dlagrom as a 
Result of Observations of the Zeta Phase in Carbon Dilute Alloys
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TABLE 7 - Composition of Extracted Phases 

Heat 
Alloy Treatment 

XB-88 
0 

2 Hrs. at 2000 C+ 
0 

1 Hr. at 1400 C+H. Q. 

XB-88 
0 

1 S Secs. at 2200 C 

XB-88 
0 

60 Secs. at 2200 C 

XB-88 
0 

240 Secs. at 2200 C 

XB-88 30 Min at 2200°c 

XB-88 
0 

87 Hrs. at 2000 C 

VAM-81 
0 

87 Hrs. at 2000 C 

* S Strong 
M - Moderate 
W - Weak 
VW - Very Weak 

Phases Present in 
Extraction Residue 

* y(S) ,a =4. 52 
0 

Zeta(S)+y(M)a =4. 46 
0 

Zeta(S)+y(W)a =4. 45 
0 

Zeta(S)+y(W)a =4. 45 
0 

Zeta(S)+y(VV'W) 
a =4. 45 

0 

Zeta(slightly lower "d" 
spacings than in shorter 
time anneals) 

X-2 phase+HCP(VW) + 
Zeta(WW) 

55 

Bulk Extraction 
Composition w/o 

w Hf C 

<1 60 ---

30 10 ---
30 KIO ---

~37 (10 ---
40 ~5 6.8 

45 7 ---

13 22 ---



It was postulated that zeta might be stabilized by tungsten, i.e., have lts origin 

within the Cb-W-Hf-C quaternary system. In order to test this hypothesis an alloy consisting 

of Cb-2Hf-0, 067C was prepared as the tungsten free analog of XB-88. The a I loy was heated 

1 hour at 'J:OCXJ°C and helium quenched to room temperature. The resulting x-ray diffraction 

pattern of the extraction residue is compared to zeta in XB-88 below. The pattern was 

identified as the zeta phase with slightly higher 11d11 spacings. Thus, zeta is not stabilized by 

tungsten since it can form in the tungsten free analog. 

Cb-2Hf-O. 067C Cb-28W-2Hf-O. 067C 
Extracted Phase Zeta Phase 

"d" "d" 

2.70 s 
2.67 MW 

2. 49 s 2.47 s 
2.42 MW 2.42 M 
2.33 S(broad) 2. 30 s 
1. 565 M 1. 555 MS 
1. 350 w 1. 365 vw 
1. 295 w 1. 315 M 

1. 285 vw 
1. 245 w 1. 240 vw 

Brine quenching experiments were conducted on a number of Cb-W-Hf-C alloys. 

Alloys XB-88, VAM-78, and VAM-81 (0. 067 w/o, 0. 13 w/o, and 0. 167 w/o C levels 

respectively) were brine quenched from 1500°C to 2100°C. The specimens were quenched 

to room temperature in approximately 4 to 6 seconds. The resultant x-ray diffraction data 

from extraction residues are given in Table 8. The zeta phase did not appear to the same 

extent that it did after the slower cooled vacuum heat treatments. If zeta occurred at a 11 
it was as a much weaker phase than in the conventionally cooled heat treatments. It is thus 

apparent that zeta does indeed form upon cooling after the conventional anneals and does 
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not exist in equilibrium in the carbon dilute regions of the Cb-W-Hf-C quaternary system. 

Zeta and other metastable phases rrobobly form near but below the solvus temperature. Its 

formation is probably controlled by carbon diffusion. 

Morphology of the Zeta Phase 

The zeta phase, in the form of extracted i:::ind redispersed residue from an alloy heated 

2 hours at 2000°C plus 1 hour at 1800°C, was studied by transmission electron microscopy and 

selected area electron diffract ion analysis of extracted residues. Its crysta I lograph ic structure, 

which has not been successfully determined by x-ray diffraction an,:,lyses, could not be 

determined by electron diffraction, although electron diffraction patt~rns were obtained 

on individual platelets of the zeta phase. Several typical zeta platelets and selected area 

diffraction patterns are shown in Figure 31. An internal structure within the platelets is very 

apparent, especially at a magnification of 50,000X. This internal structure is invariably in the 

form of mutually perpendicular sets of striations, indicative of the cubic or tetragonal systems. 

The diffraction patterns prove the platelets to be heavily faulted, again in mutually perpen­

dicular directions, as indicated by the streaking. Thus, the striations are apparently either 

stacking faults or microtwins. 

Phase Equilibria Studie~-

The x-ray diffraction data obtained during the present and past years phase of this 

program are iummarized in Table 8. These data include x-ray diffraction of ext ractiom 

obtained from bri.ne quenching experiments, recrystallization and grain size experiments, 

aging studies, and long time creep rupture tests. 

Figure 32 shows the 1800°C isotherm of the Cb-Hf-C system as determined by 

Stecher e:., t al
9
. The variation of lattice parameter of they [ fee (Cb-Hf)C

1 
) phase with 

I -X 

Hf content is given in Figu e 33. By comparing lattice parameters obtained during this 

study to Figure 33, the variation of composition of they corner of the three phase equi Ii-
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FIGURE 31 - Electron Micrographs and Selected Area Electron Diffraction Patterra 
of Extracted and Redispersed Zeta Phase (Specimen Heat Treatment:
2 Hours at 2000°C Plus 1 Hour at 1800°C)
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*From Stecher and Nowotny (Ref. 9) 

FIGURE 32 - Variation of y Rich Corner of (Cb,W)-Hf-C 
System with Temperature 
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brium region with temper:iture could be approximated. We qualify this statement with the 

w~rd "approximated" because: 

1. Not all alloys studied contained the /3 +6 +y phases. However none 

of the a I loys were far enough away from the three phase region for 

this error to be significant. 

2. The alloys investigated were taken from a variety of different studies, 

i.e. , grain size, heat treatment effects, grain growth, and creep 

rupture tests. In most cases these alloys were not homogenized 

sufficiently above the solvus temperature or aged long enough for 

complete equilibration. 

The x-ray patterns obtained were genera I ly broad and diffuse indicating some range of compo-
o 

sit ion. The accuracy of lattice parameter measurement was '!,0. 005 A. Figure 34 shows the 

variation of the composition of they corner of the /3 + 6 + y region with final annealing 

temperature. The scatter of data in Figure 34 indicates deviation from equilibrium in most 

of the alloys in this study. The function curve was drawn through the highest hafnium content 

data points because as explained previously, these alloys are only approaching equilibrium and 

those residues with the highest hafnium content for a given heat treatment (below the solvus 

temperature) will be the most nearly equilibrated. 

The data obtained from Figure 34 are superimposed on the 1800°C isotherm of the 

Cb-Hf-C phase diagram determined by Stecher et al
9 

in Figure 32. The variation of the 

composition of the y rich corner of the three phase region may be significant when discussing 

reactions taking place during a long time creep test, especially when the substructure is 

stabilized by carbides that have an initial composition controlled by the final annealing treat­

ment. 

The alloy XB-88 displays a discontinuity in property trends at 1700°C. Approxi­

mately 1700°C is the temperature beyond which complete equiaxed recrystallization takes 
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place. Creep-rupture properties are degraded when the alloy is annealed below 1700°C. 

These anomalies suggest that the carbon solvus may be near 1700°C. A series of brine quench­

ing experiments were designed to determine the carbon solvus in XB-88 and other similar 

alloys. Small pieces of XB-88 (Cb-28W-2Hf-0. 067C), VAM-78 (Cb-22W-2Hf-O. 13C) and 

VAM-81 (Cb-22W-2Hf-O. 167C) were suspended in quartz capsules and evacuated. The alloys 

were annealed 2 hours at 2000°C and aged in an induction furnace for 1 hour at lower tempera­

tures and brine quenched. The alloys were cooled from the aging temperature to room 

temperature in 4 to 6 seconds. The resulting microstructure from XB-88, VAM-78, and VAM-

81 representing the 0. 067, 0. 13, and 0. 167 carbon levels are shown in Figures 35, 36, and 37 

respectively. 

The metallography of the higher carbon brine quenched alloys (VAM-78 and VAM-81) 

is not as clear or definitive as the lower carbon XB-88. VAM-78 appears to be two phase 

at 1700°C and single phase above 1900°C (the platelets shown in Figure 36 were precipitated 

during quenching). The 1800°C quenched specimen appears to have had a grain boundary 

phase present at temperature but this cannot be definitely ascertained from metallography 

alone. 

The highest carbon alloy studied, VAM-81, displayed metallographic structures more 

difficult to evaluate. Since this alloy was obtained from lower temperature Dynapak extruded 

material, the hafnium resulting from coring in the original ingot did not have sufficient anneal­

ing time for complete homogenization. This would be the explanation of the stringers of 

carbides shown in Figure 37 in both the 1800°C and 2000°C conditions. The massive phases 

have been identified as the fee carbides. The matrix Widmanstatten platelets are probably 

the X-2 phase. The cubic carbides appear to be non-equilibrium in this case because of the 

hafnium inhomogeneity. 
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The x-ray phase identification data from the brine quenching studies are summarized 

in Table 8. From these data and the metallography the ~solvus was determined as shown in 

Figure 38. The solvus temperature for XB-88 (0. 067 w/oC level) was determined as accurately 

as the aging interval would permit (1675°C ~2SC°). However, there is much more uncertainty 

in the location of the solvus in the higher carbon alloys. This uncertainty is indicated in 

Figure 38. 

A summary of the x-ray data determined during this program on Cb-W-Hf-C alloys is 

also given in Table 8. From these data and the approximate~ solvus (Figure 38) the semi­

quantitative representation of the (Cb,W)-Hf-C equilibrium system was constructed as shown 

in Figure 39. This figure along with Figures 34 and 38 almost completely defines the meaning­

ful equilibrium phase relationships in the region of useful engineering alloys of the Cb-W-Hf­

C system. 

Discussion 

The observation of apparent anomalous phases such <JS the zeta phase in XB-88 and 

alloys of very similar composition p0$0S questions concerning the mechanism of its formation, 

since as noted previously, observation of this phase in the metal-fich region of the Cb-W-Hf­

C system would not be predicted on the basis of available phase diagrams. The results of this 

study show that the zeta phase occurs in alloys heated above their carbon solvus, suggesting 

that the zeta phase is metastable. X-ray fluorescence analysis shows the zeta phase in XB-88 

to contain 40 w/o Wand 5 w/o Hf. The carbon content, determined by conductometric 

analysis of extracted residues, is 6.8 w/o C. If the zeta phase is assumed to have a psuedo 

unit cell of approximately the same volume as the low lattice parameter fee carbide phase, 

the following comparison can be l!lade between the matrix and the zeta phase. 
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(Cb-WJ 

Alloy 

XB-88 
VAM-78 
VAM-81 
VAM-85 

fJ = BCC solid solution 
'Y = (Cb,Hf,W)C1.,c 

• = (Cb,W,Hf)
2
C 

C Hf 
w/ o o/ o w/ o o/ o 

0. 067 0. 63 2.0 1. 2 
0. 13 1. 27 2. 0 1. 4 
0. 167 1. 62 2.0 1. 4 
0. 067 0. 63 1. 0 0. 7 

w 
w/ o o/ o 

28 16. 5 
22 14. 1 
22 14.0 
22 14.0 

FIG~E 39 - Schematic Representation of (Cb,W)-Hf-C Psuedo Ternary System 
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/jMatrix Zeta Carbide 

Cb - 0.078 moles/cc 0.039 moles/cc 

W- 0.016 moles/cc 0.016 moles/cc 

Hf - 0.0015 moles/cc 0.0019 moles/cc 

C - 0.0006 moles/cc 0.038 moles/cc 

The above molarities show that very little diffusion of the metallic elements is 

required to form the zeta carbide. Tungsten, for example, m:ed not even be present as shown 

by the data from the tungsten free analog of XB-88. A certain decrease of Cb cont~nt occurs. 

However, this may be aided by the/j-zeta volume change. On the other hand, an increase of 

carbon of 63:1 is required to form zeta. The above observation would suggest that zeta could 

form during cooling providing that the mobility of carbon is sufficient and is biased by the 
0 

appropriate chemical potential. Since the observed zeta platelets are quite thin (~1000 A) 

one would expect the zeta phase to form during normal radiation cooling from the solution 

anneal. A simple calculation based on the effective carbon diffusion distance (Dt) l/2 at 

1700°C shows that a sufficient volume of the f3 matrix may be depleted of carbon to form the 

zeta platelets in approximately 4 seconds. However, more rapid cooling rates i.e., less than 

4 seconds, would not allow sufficient time for zeta precipitation. This is borne out by the 

brine quenching experiments, which did not reveal the presence of the zeta phase in the 

quenched samples. However, there was precipitation of another complex metastable phase in 

the quenched materio I. (Figure 35). 

The chemical potential for the formation of carbide type phases is very large. The 

activation barrier is relatively low (probably no g;eater than the activation energy of carbon 

diffusion in columbium). If sufficient time is available the equilibrium phase will form, i.e., 

that phase having the lowest free energy. However there may be requirements for !ong range 

diffusion of hafnium as required in the fee carbide. Since hafnium migration to nucleation 

sites to form the equilibrium phase may require more time than thct available, a metastable 

carbide such as zeta phase would be formed. The metastable phase would then be resolutioned 

or transformed in-situ, ro the equilibrium phase during aging at a lower temperature. 
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Transformations to the equilibrium phase during aging are not limited to decomposi­

tion of the metastable zeta phase. The equilibrium cubic phase formed during the reference 

heat treatment has a hafnium content of 25 atomic percent. The equi I ibrium fee monocarbide 

phase at 1315°C, contains approximately 40 atomic percent Hf. Thus a considerable diffusion 

of Hf may take place during long time service exposure or during creep rupture testing. The 

effects of this transformation on creep-rupture properties are not known precisely as yet, 

however detailed understanding of the dispersed phase equilibrium and phase transformation 

appears to be necessary to evaluate the role of the dispersed carbide phase(s) on mechanical 

properties. 

Summary of Phase Relationships 

The experimental results of this portion of the study can be summarized by references 

to Figures 34, 38, and 39. Figure 34 shows the temperature variation of composition of the 

(Cb-Hf-W)C 1 corner of the three phase equilibrium region. These data are shown schemati-
-x 

cally on Figure 33. Figure 38 shows the approximate temperature variation of the carbon solvus 

in the 22-28 w/o W, 2 w/o Hf region of the Cb-W-Hf-C quaternary. Figure 39 is a semi­

quantitative representation of the variation of the /j solvus and the /j rich corner of the three 

phase equilibrium region. These data essentially define the equilibrium phase relationships 

as applied to this family of alloys. The explanation of observed phase relationships under non­

equilibrium conditions becomes a kinetic problem. Normal furnace c:ooling rates from above 

the carbon solvus are sufficient for the formation of the metastable zeta phase in XB-88 (which 

is probably controlled by carbon diffusion) but are too fast for the precipitation of the 

equilibrium cubic carbide phase (which is probably controlled by hafnium diffusion). 
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V. MECHANICAL PROPERTIES 

The mechanical property studies conducted in this investigation hod two primary 

objectives: 

1. Determination of the effects of thermal-mechanical processing to 

establish the treatment which provides the optimum combinat' on of 

high temperature creep resistance and low temperature ducti Ii ty. 

2. Detailed evaluation of the tensile and creep rupture properties of 

XB-88 in the reference (optimum) condition . 

As described previously in this report, initial studies 
1 

showed that high temperature 

annealed fully recrystol lized structures provided the best creep properties for XB-88 and 

similar Cb-W-Hf-C alloys. While annealing at 1800 and 2000°C provided excellent creep 

strength, this was achieved at the sacrifice of adequate room temperature ductility. The poor 

low temperature ductility of the large grained, high temperature annealed material is a mani­

festation of the wel I known effect of increasing grain size raising the ductile-brittle transition 

temperature range in body centered cubic metals. Large grain size has another undesireoble 

effect. The initiation and duration of third stage creep (and consequently creep life) is 

strongly influenced by grain size, with the larger grain size favoring intergranular rupture at 

low total creep strains. 

Attempts to provide an optimum combination of high temperature creep strength and 

low temperature ductility involved three basic approaches: 

1. Annealing at temperatures just above the carbon solvus to provide 

essentially fully recrystallized structures without excessive groin growth. 
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2. Very short time annealing of wrought material at high temperatures 
(above the carbon solvus) to provide a fine grained,recrystallized structure. 

3. High temperature extrusion to produce a fine grained recrystallized 
structure having the high temperature carbide phase morphology. 

These three approaches were selected on the basis of their capability of providing 
relatively fine grained recrystallized structures having the high temperature carbide phase 
morphology. The effects of the various thermal-mechanical treatments were evaluated on 
the basis of creep-rupture tests at 1315°C (2400°F) and room temperature tensile tests. All 
creep-rupture testing was conducted at pressures below 5 x 10-

6 
torr in liquid nitrogen 

trapped SATEC VC-100 creep rupture units described previously in this report. All test 
specimens were wrapped in pure tantalum foil to provide additional protection from oxygen 
and carbon contamination during testing. The calibration and check out procedures used to 
assure the validity of the creep test data are described in an earlier report. 

1 

The tensile data obtained on XB-88 are summarized in Table 9, and the creep-rupture 
results are listed in Table 10. 

Effect of Final Annealing Temperature on Mechanical Properties 

Material which had been extruded at 1930°C and swaged at 1300°C (86% reduction 
by swaging) was machined into test specimens and annealed 1 hour at temperatures ranging 
from 1400°C to 2000°C '. Representative microstructures for most of these annealing treat­
ments were shown previously in Figure 23. The effect of final annealing temperature on 
room temperature tensile properties is shown in Figure 40. Heat treating at 1800 and 2000°C 
produced fairly large grained, completely recrystallized structures having essentially no 
room temperature ductility. The stress relieved specimens (annealed at 1600°C and below) 
had tensile elongation values of 8%. A modest peak in the ductility versus annealing 
temperature plot was observed at 1700°C. Approximately 8. 5% reduction in area and 11% 
elongation were obtained with the 1700°C anneal which produced an almost completely 
recrystallized microstructure (Figure 23). The relatively low ductility of the stress-relieved 
material was unexpected, since earlier work on XB-88 showed that material stress relieved 
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TABLE 9 - Tensile Dato for XB-88 

Specimen Thermal-Mechanical 

No. History 

T -1 A+l hr. at 2000°C+H. Q. * 

T-12 8+1 hr. at 1300°C+H. Q. 

T-14 B+ 1 hr. at 1400° C+H. Q. 

T-24 C+5 mins. at 1800° C+H. Q. 

T-28 C+15 secs. at 2200° C+H.Q. 

T-37 C+5 secs. at 2200° C+H.Q. 

T-31 C+l min. at 2200° C+H.Q. 

T-32 C+l hr. at 1800° C+H.Q. 

T-33 C+l hr. at 1700° C+H.Q.*** 

T-34 C+l hr. at 1600° C+H.Q. 

T-35 C+l hr. at 1500° C+H.Q. 

T-38 C+l hr. at 1400°C+H.Q. 
T-52 D+1 hr. at 1300° C+H.Q. 

T-39 Reference Condition 
T-40 Reference Condition 
T-43 Reference Condition 
T-72 Reference Condition 
T-64 Reference Condition 
T-65 Reference Condition 

T-66 Reference Condition 
T-91 Reference Condition 
T-68 Reference Condition 
T-69 Reference Condition 

T-60 Reference Condition 
T-76 Reference Condition + 

TRW Coating 
T-78 Reference Condition 

TRW Coating 
T--79 Reference Condition + 

TRW Coating 

* See Table 11 for processing history 

** Strain Rate = 0.05 in/in/min. 
*** Reference Condition 
HQ = Helium Quench 

' 0.2 %** 
Test Yield 

Temp. Stress 
(o C) (o F) (psi) 

R.T. R.T. ---
R. T. R.T. 121,000 
R.T. R.T. 120,100 
R.T. R.T. 116,300 
R. T. R. T. 115,500 
R.T. R.T. 123,700 
R.T. R.T. 110,000 
R.T. R.T. ---
R.T. R.T. 119,300 
R.T. R.T. 132,800 
R.T. R.T. 129,100 
R.T. R.T. 129,400 
R.T. R.T. ---

93 200 102,000 
-79 -110 146,600 
316 600 80,000 
648 1200 59,800 
759 1400 53,500 
870 1600 51,400 
980 1800 52,500 

W92 2000 50,200 
n04 2200 48,800 
~315 2400 45,000 
1370 2500 43,200 

R.T. R.T. ---

316 600 66,300 

R.T. R. T. ---
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Ultimate Red. 
Stress of Alea Elong. 

(psi) (%) (%) 

100,600 0 0 
145,900 10.8 11.3 

144,300 16.4 17.9 

122,700 1.1 1.3 

131,500 3.4 4.0 

137,700 2.7 3.3 

122,200 2.2 2.7 

115,000 0 0.7 

137,300 8.8 11.3 

143,800 6.6 8.0 
147,200 7.2 8.0 

153,700 6.1 5.3 

70,800 0 0 
107,000 24.2 16.7 

151,000 1.0 1.0 

98,000 58.2 19.3 
97,000 55.0 16.0 
99,700 53.0 17.0 

95,700 60.0 17.0 

97,000 65.0 17.0 

86,000 60.7 16.0 
71,300 76.0 14.0 

53,400 76.0 19.0 

46,800 78.0 22.0 

70,000 0 0 

86,200 55.4 19.3 

60,240 0 0 



TAB LE 10 - Creep Rupture Data for XB-88 

Test 
Specimtn Thermal - Mechan ical Temp. 

No. History* (• C) (• F) 

T-2 A+I hr .. ot 1800° C+H. Q , 1315 2400 
T-3 A+I hr, ot 1800• C+H. Q . 131 2400 
T◄ A+l hr. ot 2000• C+H. Q . 1315 2400 
T-5 A+I hr. at 2000- C+H, Q . 131 5 2400 
T-11 A(os extruded at 1930° C) 1315 2400 
T-13 8+1 hr. at l400•C+H, Q. 1315 2400 
T-16 8+1 hr. at 1300•C• H. Q . 1315 2400 
T-22 C+I hr. at 1800°C+H. Q , 1315 2400 
T-23 C+5 min. at 1800° C+H.Q. 1315 2400 
T-27 C+l hr. at 1700° C+H. Q. 1315 2400 
T-29 C+l5 secs. at 22CY "'.+H. Q. 1315 2400 
T-30 C + 5 secs. at 2200° C +H. Q. 1315 2400 
T-51 D(as re-extruded in Dynapak, 1315 2400 

1930• C) 
T-54 D(as re-extruded in Dynopok, 1315 2400 

1930° C) 
T◄I Reference Condition 131 :'i 2400 
T◄2 Reference Condition 1204 2200 
T""'4 Reference Condition 1204 2200 
T◄5 Reference Condition 1092 2000 
T""'6 Reference Condition 1092 2000 
T-48 Reference Condition 980 1800 
T◄9 Reference Condition 1315 2400 
T-60 Reference Condition 1315 2400 
T-<il Reference Condition 1204 2200 
T-<i2 Reference Condition 1092 2000 
T-73 Reference C'.ondition 1092 2000 
T-74 Reference Condition 1204 2200 
T-81 C+l hr. at 1600° C+H.Q. 1315 2400 
T-83 Reference Condition 1315 2400 
T~ lleference Condition + • • 

JaW Coating Thermal Cycle 
1315 2400 

T-85 Reference Condition + 1315 2400 
JRW Coating Thermal Cycle** 

T-93 Reference Condition + 1315 2400 
88 Hours ot 1315• C 

T-96 C+l hr. ot 1400°C 1315 2400 

* See Tobie 11 fgr processing histoi 
** 8 hrs. at 2325 F + 6 hrs. at 2100 F 

Min. 
Rupture Creep Transition 

Stress Time Rote Time 
(psi) (hrs.) (%/hrs.) (hrs.) 

30,000 28.6 0.0573 18.4 
27,000 49.8 0.0384 20.0 
30,000 18.8 0.0756 14.l 
27,000 47.9 0.0368 34.5 
27,000 127.8 0.0384 50.6 
27,000 21.5 0.3000 5.1 
27,000 48 .5 0.1398 8.3 
30,000 24.3 0.0756 18.0 
30,000 29.3 0.0980 11.4 
30,000 26.9 0.0735 15.0 
30,000 22.1 0.115 11.0 
30,000 31.3 0.074 13.0 
30,000 41.7 0.0924 21.9 

27,000 62.6 0.0449 37.0 

27,000 69.6 0.0470 30.5 
37,000 53.4 0.0516 27.6 
45,000 13.7 0.1360 5.9 
70,000 16.9 o.~33 9.0 
55,ooo I 96.6 0.0134 59.0 
70,000 144.9 0.0133 103.0 
25,000 i 93.6 0.0372 41.0 
25,000 ; 107.5 0.040 45.5 
34,000 i 170.8 0.0161 88.0 
60,000 ! 60.2 0.0246 37.8 
64,000 45.0 0.0344 27.0 
42,000 26.7 o.~oo 8.5 
25,000 73.0 0.0518 11.5 
20,500 293.2 0.0215 92.0 
25,000 64.4 o.on5 24.5 

28,000 37.7 0.0946 9.9 

25,000 117.6 • 0.0393 38.0 

25,000 40.8 0.1376 21.9 

76 

n.f, """'ti"" 

Red. 
in Area Elongation 
(%) (%) 

10.9 4.7 
10.9 5.3 
8.8 4.0 
9.9 4.0 

57.5 18.0 
76.4 27,3 
n .9 34.0 
15.1 6.0 
28.0 14.7 
--- 11.3 
27.1 12.0 
31.7 14.0 
31.6 12.0 

18.2 7.3 

33.6 13.3 
29.0 12:0 
53.0 13.3 
63.5 13.3 
--- 10.7 
60.7 14.7 
60.7 14.7 
28.0 12.0 
26.3 11.3 
41.6 10.7 
61.8 12.0 
59.0 20.6 
71.5 26.0 
73.3 25.3 
60.8 23.3 

75.6 30.0 

49.9 17.3 

84.1 28.6 



TAB LE 11 - Processing History 

Condition Code 

A 

B 

C 

D 

Reference Condition 

n 

ProC'.essing History 

Extruded at 1930°C, 9:1 Reduction 
Ratio. Swaged at 1300°C, 65%R. A. 

Extruded ..it 2040°C, 9:1 Reduction 
Ratio. Re-extruded at 2040°C at 
2:1 Reduction Ratio. 

Extruded at 1930°C, 5:1 Reduction 
Ratio. Swaged at 1300°C, 86%R. A. 

Extruded at 1930°C, 5:1 Reduction 
Ratio. Re-extruded in Dynapak at 
1930°C at 8:1 Reduction Ratio. 

C above+ 1 Hr. at 1700°C + 
Helium Quench 
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at 1400°C had 21'/o elongation and 31'/o reduction in area at room temperature. The reason 

for this discrepancy is not obvious, although the original XB-88 material received more cold 

work, since ingot breakdown was accomplished by Dynopak extrusion at 1250°C. 

The effects of fina I annealing temperature on the creep-rupture properties of extruded 

plus swaged XB-88 are illustrated by the data of Figures 41 and 42. Figure 41 shows creep 

curves obtained at 1315°C (2400°F) and 30,000 psi for material annealed 1 hour at 2000°C, 

1800°C, and 1700°C. These heat treatments provided recrystallized structures having grain 

sizes of 0. 03 mm average grain diameter for the 1700° C annea I, 0. 05 mm for the 1800° C 

anneal, and 0. 14 mm at 2000°C. The secondary creep rates were essentially identical for 

all th ree conditions. Rupture time was somewhat shorter for the coarse grained 2000°C 

annealed specimen, while the finer grained specimens had fairly equivalent rupture times. 

Rupture strain decreased with increasing annealing temperature which is in agreement with 

earlier observations that rupture strain was inversely related to grain size. Figure 42 shows 

the 1315°C 25,000 psi creep curves for XB-88 annealed 1 hour at 1700°C, 1600°C, and 1400°C. 

The secondary creep ra te increases from 0. 037%/hr. for the 1700°C anneal to 0. 137%/hr. for 

the 1400°( anneal. These results confirm previous observations that worked plus stress-relieved 

structures provide considerably poorer creep properties, both in terms of secondary creep 

rates and rupture lives, than high temperature annealed, recrystallized structurE:s. The 

essentially equivalent secondary creep rates of material annealed at 1700°C and above 

suggest that the structure and/ or the precipitate phases stabi Ii zed by the high temperature 

anneal are responsible for the improved creep behavior. 

In view of the adequate room temperature ductility and attractive 1315°C creep 

properties exhibited by the material annealed 1 hour at 1700°C following extrusion and 

swaging, this treatment was selected as the reference treatment or base line against which 

other processing variations would be evaluated. The insert plots of log stress versus log 

rupture time shown in Figures 41 and 42 compare the reference treatment properties with the 

ruptu re times obtained from both higher and lower final annealing temperatures. 
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High Temperature Fracture Behavior. Previous work had indicated that rupture life 
and rupture strain were strongly influenced by high temperature fracture behavior. Photo­
micrographs of head and gauge sections of fractured creep specimens annealed l hour at 
2000°C, 1700°C, and 1400°C prior to creep testing at 1315°( are shown in Figures 43, 44 
and 45 . The microstructure of the gouge section of the specimen annealed at 2000°C (Figure 43) 
shows intergranular (W-type) cracks generally orientated perpendicular to the stress axis. 
This type of cracking arises from grain boundary sliding as described by Begley and Godshal 1

14
. 

Evidence of grain boundary sliding is shown by the apparently deformed areas adjacent to 
grain boundaries in Figure 43c. The creep-rupture specimen annealed l hour at 1700°C shows 
similar grain boundary separations (Figure44d). However, this finer grained material can 
accommodate more grain boundary deformation than the larger grained equiaxed recrystallized 
structures without early rupture at low strain values. The pre-test microstructures of the 
l 700°C annealed material (illustrated in Figures 23 and 24) show a few unrecrystal lized 
bands and a well developed substructure decorated with precipitates. This material has fewer 
boundaries oriented perpendicu lar to the stress axis and greater boundary "roughness" than 
that of the 2000°( material. This structure reduces stress concentrations at triple paints, 
reducing the tendency for crack initiation and propagation, permitting a greater amount of 
deformation to be accommodated by the matrix, and thus a longer, more gradual tertiary 
creep stage-. 

The microstructure of the specimen stress relieved at 1400°( prior to creep testing 
(Figure 45) showed little if any evidence of grain boundary separation, and consequently a 
relatively high rupture strain, although there was some evidence of recrystallization during 
creep testing. However, os shown previously in Figure 42, the creep rate of this material 
was considerably greater than that of mater ial annealed at higher temperatures. 

Effect of High Temperature, Short Time Annealing 

In order to explore the effect of finer grain size on the mechanical properties of high 
temperature annealed XB-88, specimens were annealed for short times at temperatures well 
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FIGURE 43 - Microstructure of XB-88 Creep Specimen (T-4) Annealed 1 Hr.
ot 2000°C. Failed after 18. 8 Hrs. at 30,000 psi (1315°C(2400®F)
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FIGURE 45 - Microstructure of XB-88 Creep Specimen (T-96). Annealed 1 Hr. at 
1400°C. Failed after 40. 8 Hrs. at 1315°C (2400°F), 25,000 psi



above the ,·arbon solvus for XB-88. Specimens were annealed 5 minutes and 1 hour at 1800°C 
(providing m,"0n grain diameters of 0. 032 mm and 0. 065 mm respectively) and 5 seconds and 
15 seconds at 2'J.00°C (0. 016 mm and 0. 028 mm mean grain diameters respectively) . The 
1315°C (2400°F) creep data representative of the 5 minute and 1 hour 1800°C annealing 
treatments ore shown in Figure 46. The 1 hour a neal provided a slightly lower secondary 
creep rate but a shorter rupture time than the 5 minute anneal. The difference in rupture 
time was quite small however, ('24. 3 hours versus 29. 3 hours). Again, ru pture strain increased 
significantly with decreasing grain size. Metal logrophic examination of the specimens 
annealed 5 minutes at 1800°C showed that recrystallization was complete with a structu.-e 
very similar to that shown previously in Figures 27a and 276. A well defined substructure 
was formed which was decorated by precipitates (initially the metastable zeta and cubic phases, 
both of which later transformed to the fee carbide during creep testing). 

Creep curves for the 5 second and 15 second 2'J.00°C annealing treatments are shown 
in Figure 47. The data are not entirely consistent with the 1800°C results, for in this case 
the finer grain size material had a lower secondary creep rate as well as a longer rupture life. 
The microstructures of the two creep specimens did not differ greatly and were quite similar 
to the specimen annealed 5 minutes at 1800°C. 

The room temperoture tensile properties of high temperature, short time annealed 
specimens are listed in Table 12. Decreasing the annealing time from 1 hour to 5 minutes at 
1800°C raised room temperature ductility to only 1%. It would not be correct to assume from 
these data, however, that decreasing the annealing time (and consequently the grain size) had 
no significant effect on low temperature ductility, for a considerable shift in the ductile-brittle 
transition may hove occurred. The shift in transition temperature cannot be established with 
single point tests. Nevertheless, the room temperature ductility of the 5 minute annealed 
material is below the target properties. The room temperature tensile data for specimens 
annealed 5, 15, and 60 seconds at 2200°C also showed improvement in room temperature 
ductility. Again, the elongation values of 2 to 3. 4% are below the target minimum of 5%. 

I 
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TABLE 12 - Room Temperature Tensile Properties of Annealed XB-88 

0. 2% Yield Ultimate Red. In Average Grain 

Specimen Strength Strength Elong. Area Diameter 

No. Condition (psi) (psi) (%) (%) (mm) . 

T-24 Annealed 5 min. 

at 1800°( 
116,300 122,700 1. 1 1. 3 0.032 

T-32 Annealed 1 hr. --- 115,000* 0.0 0, 7 0.065 

at 1800°( 

T-37 Annealed 5 secs. 123,700 

at 2200°C 

137,200 2. 7 3.3 0.016 

T-28 Annealed 15 secs. 115,500 131,500 3.4 4.0 0.028 

at 2200°( 

T-31 Annealed 60 secs. 110,100 122,200 2.2 2. 7 0.048 

at 2200°( 

*True stress at fracture 

The results of the short time annealing study showed that both creep rupture strain 

and low temperature ductility could be improved by reducing grain size. The creep rupture 

strength did not show any significant improvement over that obtained by the 1 hour at 1700°C 

reference heat treatment, at least at high stresses (30,000 psi). While an improvement in 

room temperature ductility was observed, it was not as good as that obtained by the reference 

treatment. 

Effects of High Temperature Extrusi"n 

To complement the experiments involving heat treatment of swaged rod, studies of 

structures produced by extrusion at temperatures wel I above the carbon solvus of XB-88 were 

carried out. It was anticipated that a fine grained or polygonized structure having a 

favorable carbide phase morphology could be produced which would yie!d improved creep 

rupture properties, especially with respect to the tendency toward intergranular rupture at 
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low creep strains . Sections of XB-88 in the following conditions were evaluated: 

A. Extruded at 1930°C (3500°F), 9:1 extrusion ratio. 

8. Extruded at 2040°C (3700°F), 9:1 extrusion ratio plus re-extruded 

at 2040°C (3700°F), 2:1 extrusion ratio. 

C. Extruded at 1930°C (3500°F), 5. 5:1 extrusion ratio, re-extruded 

(Dynapak) at 1930°C (3500°F, 8:1 extrusion ratio. 

Creep-rupture specimens were machined from each of the extrusions and creep 

tested at 1315°C (2400°F). The creep data are presented in Figure 48. The secondary creep 

rate at 1315°( (2400°F) and 27,000 psi was 0. 038%/hr. , compared to a slightly higher value, 

0. 047%/hr., for material in the reference condition, but the extent of third stage creep was 

greater for the extruded specimen. The material which was double extruded, at 2040°C, 

demonstrated poor creep properties. The Dynapak re-extruded XB-88 had creep properties 

quite comparable to those provided by the reference condition (annealed 1 hr./1700°C). 

The relatively wide variation in the creep properties of the various hot extruded conditions 

can be rationo ized in terms of the structure produced by the various processing treatments . 

The 9:1 extrusion ratio, 1930°C extrusion, condition A, had a duplex structure 

consisting of approximately 60% fine grained (0. 007 mm) recrystallized areas separated by 

bands of apparently unrecrystal lized material, as shown in Figure 11 . The bonds hod a well 

developed substructure, as shown in the high magnification photomicrograph of Figure 1 lb . 

Photomicrographs of the gauge section adjacent to the fracture area of the creep specimen 

(Figure 49) reveals that grain boundary separations have occurred in the recrystallized regions 

but are terminated in the areas containing the sub-boundary network. The combination of 

the fine grain size in the recrystallized areas and the banded structure of the as-extruded 

specimen provides greater resistance to crock initiation and propagation which results in 
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larger rupture strains and consequently larger rupture life. 

The Dynopak re-extruded material (1930°C, 8:1 reduction) showed a similar type 

of duplex structure (see Figure 14), except that the groin size was larger, in wider recrystal 1-

ized bonds, with a higher percentage of groin boundaries perpendicular to the extrusion axis. 

These differences in structure between the conventionally extruded mat rial, condition A, 

and the Dynapak re-extruded stock apparently arise from the adiabatic heating which occurs 

during high energy rate deformation, since the initial billet temperatures and extrusion ratios 

were quite comparable. As a consequence of its larger grain size and the fewer, coarser 

bands of unrecrystallized material to arrest grain boundary separations, the Dynopak re­

extruded bar had a shorter tertiary creep stage and lower rupture I ife than the convent ion 1 lly 

extruded XB-88. 

The microstructure of a Dynopak re-extruded spP.c imen creep :·ested at 1315°C and 

30,000 psi is shown in Figures 50 and 51. The micro~tructure of the heod section of the creep 

specimen in Figure 50 showl the typical aged p,·ecipitate within the recrystallized groin 

volumes The substructure in the banded region has not changed appreciably from cging 

durinr, the creep test. Photo,,,icrographs of the gauge section of this creep specimen show 

grair, boundary sepr.irotio:is terminated in the unrecrystallized bands containing the well 

developed sub-bo•Jndary netwo:-ks. Examination of the gauge sections revealed a micro·· 

structural feature along the grain bo:.mdaries wnich w•Js not o~ erved in the relatively un­

stressed ~ead section. Small, irregularly shaped areas alo:ig the bo:Jndaries had the appearance 

of bei.,g rather heavily deformed. These oreas may result fro.,, sliding 010119 a serrated or 

j'ogged boundary, causing high stress to be developed within the matrix between the serrations 

and consequent deformation of these local matrix areas. These areat along the boundary do 

not have the appearance of large precipitates; indeed the precipitation within the gauge 

section appears to be somewhot finer after test than in the head section. 
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The material double extruded at 2040°C, 9:1 reduction, plus 2:1 reduction, hod the 

poorest creep properties. The final extruded microstructure (Figure 13)hod a typicol ly worked 

structure apparently resulting from the relatively low reduction on the final extrusion, providing 

insufficient strain energy to permit recrystallization during the short time at temperature. The 

structure did not show any evidence of the precipitate (as indicated) decorated sub-boundary 

network present in the other high temperature annealed and high temperature extruded condi-

tions evaluated. The microstructures of a creep specimen tested at 1315°C and 27,000 psi 

(Figure 52) shows some recrystallization during test in the gauge length and substructure 

formation in the heat section. Voids have been formed, possibly at the new grain boundaries, 

but the incidence of void formation was not very great. The rupture strain of this specimen 

was quite high, 34%. The fracture was a ductile shear type rather than intergranulor rupture 

which is typical of recrystallized structures. 

Room temperature tensile data were obtained on the wrought double extruded bar 

after stress relieving 1 hour at 1300°C and 1400°C and ore listed in Tobie 13 . 

TABLE 13 - Room Temperature Tensile Properties of Double Extruded XB-88 

0. 2% Yield Ultimate Red. In 

Specimen Condition Strength Strength Elong. Area 

No. (psi) (psi) (%) (%) 

T-12 Double Extruded at 121,000 145,900 11. 3 10. 8 
0 

2040 C+ Annealed 
0 

1 Hr. at 1300 C 

T-14 Doub le Extruded at 120,100 144,300 17.9 16. 4 
0 

2040 C+Annealed 
0 

1 Hr. at 1400 C 
- -~ 

The doub!e extruded bar had satisfactory room temperature ductility with the highest values 

obtained after a 1 hour at 1400°C stress relief anneal. 
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The XB-88 produced by extrusion at 1930°( (3500°F), 9:1 extrusion ratio, Condition 

A, exhibited the best creep-rupture strength of al I the conditions evaluated. More detailed 

studies of this thermal-mechanical processing sequence were not pursued, however, because 

of the obvious difficulties of producing the desired structure in a complex component such as 

a turbine blade. However, this processing sequence can be utilized to produce very high 

strength bar stock and simple shapes if subsequent deformation of the extruded material is not 

necessary. 

Discussion of Thermal-Mechanical Treatments 

The results of the thermal-mechanical treatments evaluated in this program may be 

summarized as fol lows: 

1. The best creep-rupture properties were obtained with fully or 

port ia I ly recrysta II ized structures produced by high temperature 

processing. 

2. Wrought, stress relieved structures had considerably poorer creep strength. 

3. The initiation and propagation of intergranulor crocking controls the 

extent of tertiary creep, and thus has a significant influence on rupture 

life. 

4. Refining the groin size incr~ses rupture strain. Duplex structures 

composed of a fine grained matrix and bands of unrecrystallized, poly­

gonized material had good rupture life and relatively high rupture strains. 

5. The best low temperature ductility was obtained with wrought plus stress­

relieved,and fine groined recrystallized structures. 

Analysis of creep mechanisms in on alloy as complex as XB-88 is difficult. The 

structural heterogeneities observed, particularly with respect to substructure, the variations 

in precipitate identity and morphology, and the strong influence of intergronulor fracture on 
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rupture life,preclude a detailed analysis of mechanisms. There ore, however, a number of 

significant observations which are worthy of discussion. All of the material annealed at 

1700°( and above prior to creep testing exhibited very comparable secondary creep rates 

for equivalent stress levels. The observed differences in rupture life were controlled 

primarily by the initiation and propagation of intergronular separations arising from groin 

boundary sliding, as prev i~usly described. In addition, partially recrystallized duplex 

structures produced bt high temperature extrusion also exhibited creep rates quite equivalent 

to high temperature annealed structures. This indicates that the structure and/or precipitate 

morphology produced by high temperature annealing (~1700°C and above) are responsible for 

the strength properties. It is not precipitate identity per se which improves strength, for as 

previously shown the complex carbide phases resulting from high temperature annealing are 

very rapidly converted to the (Cb,Hf)C
1 

-x monocarbide during exposure to creep testing 

temperatures. Merely heating above the carbon solvus temperature for XB-88 (~1675°C) in 

itself is not sufficient to produce optimum creep strength, for the material double extruded at 

2040°( (3700°F) had poor creep properties . The wrought structure of the 2040°( double 

extruded material resulted in high secondary creep rates despite the presence of a fine carbide 

precipitate in the matrix. The substructure morphology rather than the carbide identity per se 

appears to be the controlling factor with respect to high temperature creep strength. 

The role of the carbide phase in creep strengtheninq XB-88 and similar alloys is of 

considerable interest. Previous studies 
1 

of a Cb-22W- 2Hf alloy containing varying carbon 

levels (0. 067, 0. 13, 0. 17 w/ o C) showed that elevated temperature tensile strength increased 

with increasing carbon level. At 1095°( (2000°F) creep strength increased with carbon 

content but at 1205°C (2200°F) and 1315°C (2400°F), the creep strength was not significantly 

affected by the carbon level. This is not to say that the carbide phase has no effect on high 

temperature creep strength, for a carbon~ree alloy of the same matrix composition (Cb-22W-

2Hf) had considerably poorer creep properties than the carbon~ontaining alloys, indicating 

that a certain minimum carbon level (0. 067 w/o C or below) is required to enhance creep 

strength in alloys of this type. 
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It is unlikely that direct dislocation-precipitate interactions contribute to the creep 

strength of XB-88, as in the Mott-Nabarro, Orowan, and Fisher, Hart, and Prye mechanisms, 

because of the ability of screw dislocations to cross slip and because of the large number of 

sl ip planes for edge components in body centered cubic alloys. The role of the carbide phase 

in creep strengthening is more likely to be associated with stabil ization of dislocation net­

works to a temperature higher than their normal recovery temperature, as described by Gregory 

and Rowe 15. The microstructures of the high temperature annealed and the high temperature 

extruded material (with the exception of the 2040°C double extruded bar having a wrought 

structure) show the presence of a wel I developed sub-boundary network heavily decorated 

with precipitates. If a strengthening mechanism is operative in which mobile dislocations with­

in the subgrains are entangled at precipitate stabilized sub-boundaries, then the stability of 

precipitates which stabilize the sub-boundary network is critical. In order to provide some 

information on structural stability a creep specimen was annealed 1 hour at 1700°C(reference 

condition) and then aged 88 hours at 1315°C in a vacuum of 1 x 10-8 torr prior to testing at 

0 ( 0 1315 C 2400 F). The creep data are listed in Table 14, compared to a specimen tested in the 

reference condition. 

TABLE 14 - Creep Rupture Data for XB-88 at 1315°C(2400°F) 

Rupture Minimum Transition Red. In 

Specimen Condition Stress Time Creep Rate Time Elong. Area 

No. (psi) (hrs.) (%/hr.) (hrs. ) (%) (%) 

T-60 Annealed 1 hr. 25,000 107.5 0.040 45. 5 12. 0 28.0 

at 1700°C 

T-93 Annealed 1 hr. 25,000 117. 6 0.039 38.0 17.3 49.9 

at 1700°C + 
88 hrs. at 
1315°C 
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The aged specimen hod a slightly longer rupture life than the reference material 

but the secondary creep rates were virtually identical. The microstructure of the aged creep 

specimen is shown in Figure 53. The resultant structure is very similar to the original, 1 hour 

at 1700°C, condition. This test further indicates that the substructure stabilization rather 

than the species or composition of the prec ;pitate is responsible for the better creep resistance 

of the high temperature annealed material. Mechanisms such as strai~induced precipitation 

do not seem to provide a likely explanation for the observed creep strengthening because the 

carbides shou Id be equi I ibrated . Any supersaturation of carbon shou Id have been removed by 

aging 88 hours at 1315°C prior to creep testing. The fact that a fairly extended aging treat­

ment at 1315°C resulted in no decrease in creep strength is encouraging, since it indicates 

that the structure developed by high temperature annealing is quite stable. It should be 

pointed out, however, that a Cb-22W-2Hf-0. 167C alloy investigated in an earlier phase of 

this program showed a significant loss in creep strength at 1205°C (2200°F) when aged 100 

hours at 1200°C prior to creep testing. More extensive aging studies are in progress to better 

define the structural stability of XB-88. 

The relatively poor creep strength of worked plus stress relieved material may result 

from the lack of precipitat&-stabilized sub-boundary networks plus a higher density of mobile 

dislocations in the wrought material. 

Electron Microscopy 

Electron microscopy studies were carried out to provide a more detailed structural 

characterization of XB-88 in the reference condition {<:1nnealed 1 hr. /1700°C). Electron 

micrographs of surface replicas and bulk extracted dispersed phase replicas are shown in 

Figure 54. Figure 54a clearly illustrates the sub-boundary structure in the polygonized areas 

of XB-88. This micrograph shows a number of precipitate decorated tilt boundaries. The 

recrystallized areas have a more poorly defined substructure. Figure 54c indicates that most 

of the precipitate is in the form of polyhedra, measuring less than 0. 5 microns in diameter. 
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The ring pattern (Figure 54d) and selected area electron patterns of these polyhedra confirm 

that they are the cubic (Cb,Hf)C
1 

phase as originally determined by x-ray analysis of 
-x 

extracted residues. Also observed are a few platelets which are more transparent t the 

electron beam. These platelets have been identified as the zeta phase by selected area 

electron diffraction. A typical platelet and its diffraction pattern are shown in Figures 54e 

and 54f. The cry~ a I lographic structure of the zeta phase has not been successfu I ly indexed. 

The platelets are badly faulted with stacking faults and/or microtwins as indicated by the 

electron diff roction pattern. 

Transmission electron micrographs of thin foils are shown in Figures 55 and 56. 

Extensive dislocation networks and what appear to be tilt boundaries are observed in the 

polygonized areas (Figures 55a,b,c, and 56). Most of the sub-boundaries are decorated with 

precipitate as observed both optically and by means of surface replicas. Note especially 

the undecorated hexagonal network of dislocations associated with body centered cubic 

materials in the recovered condition. Also note the grain boundary extinction contours end 

precipitates in Figure 55c, and the precipitate decoration of the nodes of the extended dis-

location network in Figure 56. As should be expected, very few disloca ti ons or dislocation 

networks were observed in the recrystallized groins (Figures 55d,e,andf). 

Effect of Creep Strain on Structure. Creep specimens strained to the end of primary 

creep (specimen T-86, strained 0. 2% at 25,000 psi and 1315°C/2400°F) were examined to 

evaluate the structural changes which occur during creep. A well developed, precipitation­

decorated subgrain structure forms within the recrystallized groins during primary creep. This 

subgrain structure, which consists of more or less irregular dislocation networks in long bands 

parallel to the stress axis, is ii lustroted in the transmission electron microgrophs of Figure 57. 

During steady-state creep an apparent degeneration of the decorated subgroin structure and/or 

dislocation networks that formed within the recrystallized grain during primary creep occurs. 

Many more platelet type precipitates are present, especially in the recrystallized areas, but 

they no longer appear to be in the form of decorated dislocations or dislocation networks. 
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Tested to End of Primary Creep at 1315°C (2400°F) (1.6 Hrs./ 
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The degeneration of the subgrain structure and/or decorated dislocation networks 

formed during primary creep into long bands of precipitate para I lel to the stress axis during 

steady state creep is clearly illustrated in the electron micrographs of surface replicas in 

Figures 58a, b, and c. No decorated low-angle ti It boundaries are seen between the para I lel 

bands of precipitates and the dispersed phase appears to be considerably larger than previously 

observed. In agreement with the metallographic results, grain boundary pinning and migration 

are apparent in Figure 58c. 

Examination of the dispersed phase indicates that a significant change occurred in 

the precipitate morphology. Elongated, transparent platelets, exhibiting many extinction 

(bend) contours, are illustrated in Figures 58d and e. Growth of these platelets appears to be 

crystallographic in nature as indicated by the common direction of growth facets. The thicker, 

non-transparent precipitates appear to be transforming from the many sided polyhedra into thick, 

but geometrically shaped platelets, probably similar in nature to the thinner platelets. An 

x-ray diffraction analysis of the extracted residue indicates that it consists primarily of a 
0 

fee carbide phase having a lattice parameter a of 4. 58 A and a minor amount of a second 
0 0 

fee carbide phase having a lattice parameter a of 4. 54 A. Thus evidently stabilization of 
0 

the dispersed phase to the higher lattice parameter is occurring during creep, and the thin, 
0 

transparent platelets are expected to have a lattice parameter of 4. 58 A. The selected area 

electron diffraction pattern (Figure 58f) of the thin fee platelet shown in Figure 58e confirms 

that it has a (100) zone axis. A careful analysis of the diffraction pattern, using an aluminum 

ring pattern to accurately determine the camera constant (~ L), indicates that the lattice parc-
o 

meter is probably 4. 58 A as expected. However, as the inherent errors in electron diffraction 

are on the same order of magnitude as the difference between the lattice parameters of the 

two fee carbide phases (i.e., about 10%), it is impossible to be entirely sure of the lattice 

parameter by electron diffraction alone. 
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At the beginning of tertiary creep (Figure 59) the polygonized substructures hove degenerated 

as the precipitates decorating the sub-boundaries either transformed to a more stable fee mono­

carbide or dissolved. With the degeneration of the precipitate-stabilized substructure, weaker 

dislocation-dislocation and dislocation-precipitate interactions may be the rate controlling 

mechanism. Dislocotion-dislocation interactions are not particularly effective at elevated 

temperatures where jogs disappear quickly by diffusion,and dislocation-precipitate interactions 

are a lso ineffective due to the ease of dislocation climb. The changes in the fee cubic carbide 

leading to the degeneration of tht.i substructure may be accelerated by stress, hence static 

aging prior to creep testing may not indicate the stability of the structure. 

The results of the electron microscopy studies suggest that substructure stabilization by 

precipitates may have a significant effect in controlling creep behavior of XB-88 and similar 

dispersed phase-containing l :c alloys. However, more detailed studies are required to assess 

the effectiveness of this strengthening mechanism. One of the many factors affecting strength 

which must be considered is the role of grain boundary sliding, not only with respect to its 

influence on intergranular cracking, but also with respect to its contribution to total creep 

strain. The transition from second to third stage creep in XB-88 occurs at low strain values, 

on the order of 2%. Extending the dur.Jtion of second stage creep to high strain levels could 

considerably increase the useful strength of alloys of this type. Understanding of the factors 

which control this transition could contribute significantly to the development of improved 

mechanical properties. 

Mechanical Properties of XB-88 in the Reference Condition 

The thermal-mechanical processing studies of XB-88 showed that material processed 

by extruding at 1930°C (3500°F), followed by swaging at 1300°C, with a final anneal at 

1700°C, exhibited the best condition of high temperature creep strength and low temperature 

ductility. Consequently, this processing sequence was chosen as the reference condition for 

detai led evaluation of creep rupture and tensile properties. 
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The tensile properties of XB-88 in the reference condition were determined over 

0( 0 0( 0) , 
the temperature range of -110 F -00 C) to 2500 F 1370 C, and the data ore plotted in 

* Figure 2 . The low temperature ductility values improve markedly slightly above room tempera-

ture, with reduction in area increa~ing from 8°/4 at room temperature to 24% at 200°F (93°C). 

The plot of ultimate strength versus temperature showed typical strain aging response, with a 

strength maxima extending over the range from 760°C (1400°F) to 980°C (1800°F). High 

temperature tensile strength values were quite high, 86,000 psi at 1095°C (2000°F) and 

46,800 psi at 1370°C (2500°F). The ttmsile strength values are quite comparable to those 

obtained initially on XB-88 processed from a 2 inch diameter ingot. 
1 

The elevated tempera­

ture tensile ductility was excellent. 

Creep rupture properties were evaluated over the temperature range 980°C (1800°F) 

to 1315°C (2400°F). The rupture properties of XB-88 in the reference condition for the various 
* 

test temperatures are given in the log stress versus log rupture time plot of Figure 3 . Both 
* 

rupture and 1% creep data are summarized in the Larsen-Miller plot of Figure 4 . In addition 

to attractive creep-rupture properties, XB-88 in the reference condition had low secondary 

creep rates. The transition from second to third stage creep, however, occurred at low strain 

values, on the order of 2%. 

The 100 hour rupture strength of XB-88 at 1315°C (2400°F) is 25,500 psi, correspond­

ing to a stress/densi ty ratio of 68,500 inches which is quite close to the target value of 70,000 

inches. At 1095°C (2000°F) this 100 rupture strength is 56,000 psi, providing a stress/density 

ratio of 150,000 inches. 

The stress dependency of the minimum creep rate of XB-88 in the reference condition 

is at 1095, 1205, and 1315°C (2000, 2200, and 2400°F) is shown in Figure 60. These data fit 

the equation 

\ =ATG~ 

where Es is the steady state creep rate, AT is a constant containing the geometric, frequency, 

*These curves presented previously in the Introduction and Summary Section of this report. 

113 



and activation energy terms, and n is the stress exponent. At temperatures of 1205°C (O. 49T M) 

and below n is approximately 7. 7, while at 1315°( (O. 54TM) n decreases to 3. 4. The stress 

exponent obtained at 1315°C is consistent with that predicted by Weertman' s dislocation 

climb model for creep 2
2
. Experimental data on pure polycrystalline metals (as well as a 

number of alloys) shows the stress exponent to normally fall within the range 3-5. 

At temperatures below 1315°C (2400°F) a considerably higher stress for XB-88 was 

observed. It is interesting to note that the observed stress dependency ( 7. 7) is very similar 

to that found by Clauer and Wilcox
23 

for a series of dispersion strengthened nickel alloys. 

They point out that n ~ 6-8 is common to a variety of recrystallized dispersion strengthened 

metals subjected to high temperature creep, and suggest that the high stress exponent may be 

attributed to internal stresses which are higher in dispersion-strengthened metals as a result of 

dispersed phases promoting a stable fine dislocation substructure. These data suggest the 

possibility of a difference in creep mechanism in XB-88 between 120S°C {2200°F) and 1315°C 

(2400°F). 
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XB-88, since only one set of specimens was supplied. Subsequently,Friedreich 
16 

reported 

sound coatings of XB-88 with a modified coating sequence. It was therefore decided to defer 

evaluation of the high temperature properties of coa ted XB-88 until additional specimens 
•. 

could be supplied for coating using the modified sequence. The available specimens were 

uti Ii zed to determine the effect of the coating on low temperature ductility. Room tempera­

ture tensile tests were carried out on the coated samples, and the results are listed in Table 

15. The coated specimens had no room temperature ductility, but raising the test temperature 

to 3l5°C (600°F) resulted in good elongation and reduction in area values. The coating has 

increased the ductile-brittle transition temperature to between room temperature and 3l5°C 

(600°F). A more detailed coating evaluation of XB-88 is being developed. 

TABLE 15 - Tensile Data for Cr-Ti-Si Coated XB-88 

0. 2% Yield Ultimate Red. In 

Specimen T emgerature Strength Strength Area Elong. 

No. ( F) (psi) (psi) (%) (%) 

T-76 R. T. --- 70,000 0 0 

T-79 R. T. --- 60,240 0 0 

T-78 600 66,300 86,200 55.4 19.3 
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VII. TURBINE Bl.ADE FORGING EVALUATION 

The capability of XB-88 to be precision forged into a complex turbine blade con­

figuration was evaluated by TRW Equipment Laboratories on ~nother Air Force sponsored 

program. Two XB-88 preforms were machined from a 1. 25 incl 1 diameter extruded bar 

(extruded at 1930°C, 4. 5:1 extrusion ratio) and then annealed 1 hour at 1700°C. These 

preforms were then processed through the forging cycle developed by TRW for precision 

forging Cb-132M turbine blades to a JT-3D first stage rotor blade configuration. 

The forging operations include coin, upset, and forming operations on the shroud 

end, two roll-forging operations on the airfoil and rod sections, and three press forging 

operations (blockdown, semi-coin, and coin) to obtain the final configuration. One XB-88 

preform cracked in the shoulder of the shroud end after the fina I shroud end forming operation 

because of what appeared to be a defect in the original extrusion. The remaining preform 

was successfully processed through the complete cycle. Photographs of the finished blade in 

Figure 63 show that material completely filled the dies, producing a high quality precision 

forging thus demonstrating the capability of this high strength alloy to be forged into c ,mp lex 

components. Details of processing sequence are given in the TRW progress reports on , .. 
Contract AF 33(615)-1391. 1 
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VIII. EFFECT OF THERMAL TREATMENT ON CREEP RUPTURE PROPERTIES OF 
SOLID SOLUTION AND CARBIDE STRENGTHENED ALLOYS 

In addition to the studies of the XB-88 alloy described earlier in this report, s~veral 

.,dditional tests were carried out to provide a better understanding of the role of heat treat­

ment on creep properties. The 8ffect of varying pretest thermal treatment was evaluated on 

an alloy containing a dispersed carbide phase, VAM-85 (Cb-22W-1Hf-0.067C), and a solid 

solution alloy VAM-n (Cb-18W-2Hf) produced during the first phase of this program. These 

alloys prepared as 2 inch diameter ingots, were processed to bar by Dynapak extrusion, at 

1250°C, followed by warm swaging 
1. Both alloys were given a series of annealing treatments 

ranging from 1600°C to 2000°C, and then creep rupture tested. Grain size was determined 

on sections of the as-tested specimens in areas removed from the fracture. 

Grain size and creep rupture data for alloys VAM-77 and VAM-85 are tabulated 

in Table 16, The solid solution alloy VAM-77 was creep tested at 1205°C (2200°F), and the 

carbide strengthened alloy, VAM-85, at 1315°C (2400°F) arid 1205°C (2200°F). 

The secondary creep rate of the alloys are plotted os a function of both annealing 

temperature and grain size in Figure 64. The behavior of the solid solution alloy and the 

alloy containing the dispersed carbide phase were quite different. The solid solution alloy, 

VAM-77, exhibited a pronounced increase in creep rate with increasing annealing tempera-

ture, or equivalently with increasing grain size. The carbide strengthened alloy, VAM-85, 

showed a decrease in creep rate as the annealing temperature was raised from 1600°C to 

1700°C. Thereafter, creep rate was relatively insensitive to annealing temperature. This is 

the same trend observed for XB-88. Reference to Figure 39 indicates that annealing at about 

1700°C is also above the carbon solvus for VAM-85 as it is for XB-88. The relationship 

between rupture life and annealing temperature (and grain size) also showed the same trend 

as the secondary creep rate data, Figure 65. 
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The dependence of secondary creep rate on grain size has been investigated in 

considerable detail in a number of metals and alloys, but apparently not to any significant 

extent in the refractory metals. Observations on copper and brass have shown creep rate to 

be proportio'nal to the square of the grain diameter l S, 19. However in lead the creep rate has 

been observed to decrease with increasing grain size20. One of the most significant studies 

of grain size effects was carried out by Shahinian et 01 21 , who investigated the effect of grain 

size on the creep of Monel at various temperatures. Their studies showed well defined 

minima in the curves of grain size versus secondary creep rate. That is, at each temperature 

there was an optimum grain size for maximum creep resistance. The optimum grain size 

increased with increasing temperature. It is not possible from the limited data of the pres,.:,r 

investigation to determine if an optimum grain size for best creep resistance exists for the 

solid solution alloy, VAM-77. However, the data serve to show rather conclusively that the 

effect of heat treatment on the creep properties of the solid solution alloy and the alloy 

containing a dispersed carbide phase is quite different. These data clearly indicate that 

primary grain size, per se, does not influence the creep strength of the carbide strengthened 

alloys, as it apparently does in the solid solution material. These results are not inconsistent 

with the precipitate1tabilized sub-boundary strengthening mechanism discussed previously. 
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IX. COMPARISON OF ZIRCONIUM AND HAFNIUM AS REACTIVE METAL ADDITIONS 

While the scale-up and evaluation of the XB-88 alloy comprises the major part of 

this investigation, a limited study of the effectiveness of zirconium versus hafnium as reactive 

element additions was carried out. Alloy VAM-87 (Cb-22W-1Zr-0. 13C) was prepared to 

permit direct comparison with alloy VAM-78 (Cb-22W-2Hf-0. 13C) inves~igated in an earlier 

phase of this program. These alloys are essentially identical in composition with the exception 

of a replacement of 1 atom percent Hf with 1 atom percent zirconium. 

Alloy VAM-87 was do11ble arc melted to produce a 2 inch diameter ingot, which 

was Dynapak extruded and warm swaged to 0. 44 inch diameter bar, using the standard 

techniques described in an ecrlier report 1. Chemical analyses data listed in Table 17 show 

that, with the exception of the substitution of zirconium for hafnium, both alloys have very 

similar compositions. 

TABLE 17 - Chemical Analysis Data for Alloys VAM-78 and VAM-87 

Alloy Nominal Ingot Analysis (w/o) 
No. Composition Location w Zr Hf C N 0 

VAM-78 Cb-22W-2Hf-0. 13C Top 21. 8 --- 1. 78 0. 14 0.006 0.0051 
Bottom 22.4 --- 1. 94 o. 12 0.005 o. 025* 

VAM-87 Cb-22W-1 Zr-0. 13C Top 21. 9 0.91 --- o. 121 0.0073 0.0030 
Bottom 22.4 0.73 --- 0. 123 0.0041 0.0041 

*Apparent contamination from starting pad. 

Hardness data for the two alloys are plotted as a function of aging temperature in Figure 66. 

The zirconium-<:ontaining alloy, VAM-87, exhibited slightly higher hardness values than 

VAM-78 in the as-cast, as-extruded, and as-swagP.d conditions. Aging the high temperature 

annealed material for 1 hou, at temperatures ranging from 800 to 1800°C indicated little 

response to thermal treatment for VAM-78 (Cb-22W-2Hf-O. 13C). There is evidence of a 

slight hardness peak after aging at 1200°C. The zirconium-containing alloy showed a similar 

response to the aging treatments, with a slight hardness peak at 1100°C. This alloy exhibited 
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somewhat greater softening than the hafniu~containing VAM-78 as the aging temperature 

was increased, and then an increase in hardness at annealing temperatures above 1600°C. 

The hardness changes observed were quite small, however. 

The previous section of this report and previous studies in this program 
1 

indicate the 

presence of a zeta and "complex" ~arbide phases in Cb-W-Hf-C and Cb-W-Zr-C alloys after 

high temperature (>1700°C) annealing. With lower annealing temperatures a fee carbide 

phase is observed, which contains a significant amount of hafnium. The slight hardness peaks 

shown in Figure 66 may arise from the transformation of the high temperature metastable zeta 

and "complex" carbide phases to the fee carbide structure. The hardness increase of VAM-87 

at the higher annealing temperatures apparently arises from solution of both carbon and 

zirconium in the matrix. Metallographic examination of the zirconium containing alloy 

showed structure virtually identical with those observed in Cb-W-Hf-C alloys of equivalent 

c.arbon level and treatment. 

Room temperature tensile data for VAM-78 and VAM-87 in the high temperature 

annealed condition (2 hours at 2000°C) are listed in Table 18. The yield and ultimate 

strength values for the two alloys were virtually the same. Both materials had low room 

temperature ductility, resulting from the large grain size (-ASTM 2) of the high temperature 

annealed material. However, previous work has shown that excellent room temperature 

ductility can be achieved in these alloys when the proper microstructure is developed. Both 

wrought plus stress-relieved and fine grained, fully recrystallized structures provide good 

room temperature ductility. 

Limited creep-rupture data obtained on VAM-78 and VAM-87, for identical 

thermal treatments, are shown in Figures 67 and 68, At 1205°C (2200°F) both alloys had 

the same initial creep rates, but VAM-87 (Cb-22W-1Zr-O. 13C) entered third stage creep 

after 18 hours test duration, and fractured a short time thereafter (Figure.67). In contrast 
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VAM-78 (Cb-22W-2Hf-0. 13C) had a rupture life of over 90 hours. The apparent pronounced 

superiority of the hafnium-containing alloy is a result of its greeter resistance to intergranular 

fracture at low tota I creep strain. 

The transition from secondary to tertiary creep for VAM-87 occurred at less than 

2% total strain. In general, a number of factors may be associated with the inception of 

tertiary creep, including the increasing stress during necking, recrystallization, precipitation 

or resolutioning of a second phase, and intercrystalline cracking. However, it is apparent 

that :he initiation and growth of intercrystalline cracks is the factor responsible for the early 

fracture of the Cb-22W-1Zr-0. 13C alloy as it is in the Cb-W-Hf-C alloys. At 1315°C 

(2400°F), the creep behavior of the zirconium-and hafnilJ ,,-containing alloys wer~ much more 

comparable. The zirconium-bearing alloy was in fact slightly superior in terms of secondary 

creep rate and rupture life, as i I lustrated in Figure 68, However, the differences in properties 

between the two alloys are insignificant. 

The results of this limited study indicate that zirconium and hafnium are equivalent 

with respect to their effectiveness as reactive metal additions in columbium alloys. The 

microstructures, response to heat treatment, and creep-rupture properties were very similar 

for equivalent conditions. Additional creep tests are required to determine if the low rupture 

life observed for VAM-87 at 1205°C (2200°F) is a real or spurious effect. 

The primary consideration leading to the choice of hafnium over zirconium as the 

reactive metal addition in this program was enhanced fabricability. Previous work at 

Westinghouse had indicated that the substitution of hafnium for zirconium in Cb alloys 

provided somewhat better working characteristics at equivalent strength levels. While both 

VAM-78 and VAM-87 exhibited very satisfactory extrusion and swaging characteristics, the 

processing characteristics of the hafnium-containing alloy appeared somewhat superior to 

those of the zirconium-containing heat. 
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