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ABSTRACT 

The precipitates in the commercial colwnbium alloys D-31 and D-43 were investigated 
after various heat treatments. The titanium-rich and zirconium-rich monocarbides are the 
only stable precipitate phases in alloys D-31 and D-43, respectively. The temperatures for 
complete solid solution are 1600°C for alloy D-31 and 1700°C for alloy D-43 corresponding 
to a carbon content of about 0.09 wt.-%. Non-equilibrium columbium carbides precipitate 
even during quenching from solid solution, so that no appreciable carbon supersaturation can 
be achieved in columbium alloys. During aging, the stable monocarbides form at the expense 
of the non-equilibrium cc :umbium carl>ides but not from solid solution. Therefore, age­
hardening caused by stable MC-phase precipitation does not occur. The effect of oxygen on 
carbide precipitates was investigated by increasing the oxygen concentration of the alloys on 
purpose. Oxygen behaved differently in both alloys with respect to precipitate phases. A 
colwnbium carbide phase with unknown lattice structure but a composition corresponding 
approximately to Cb3c2 was found in both alloys after suitable heat treatments. 

Hi 
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1.1 PURPOSE AND OBJECTIVE 

SECTION I 

INTRODUCTION 

During an investigation of the weldability of some columbium alloys, it became necessary 
to obtain more precise information about the precipitation reactions which occur in the 
fusion and heat-affected zones. Jnterpre tio o f r ~11 tc; f t t ted 
for this purpose indicated disagreement with results of previous investigators. Consequently 
this investigation was conducted to study the precipitation reactions in carbon-contain~ng 
columbium alloys more extensively and to r£iconsider the results of previous investigations. As 
experimental material, two commercial columbium alloys were selected which have the same 
carbon content but different types and concentrations of metallic alloying elements. By 
comparing the behavior of the two alloys, it was hoped to point out the general as well as the 
particular influence of the alloying elements on the precipitation reactions and to give some 
consideration to the role which oxygen plays in the formation of the precipitates in these 
alloys. 

1.2 BACKGROUND 

Small impurity amounts of carbon, nitrogen, and oxygen generally cannot be avoided in 
fabrication of commercial columbium-base alloys. The total amount of these elements is 
usually O. 05 percent* or less. However, even such small amounts can cause precipitates due 
to the low solubility of these elements in columbium. 

The maximum solubility of carbon in columbium is reported by Pochon et al (Reference 1) 
with 0.03% at 2235°C. Elliott (Reference 2) d.nd Kimura and Sasaki (Reference 3), however, 
find a larger maximum solubility of 0.8 percent at the same temperature. The solubility 
decreases rapidly with decreasing temperature to approximately 0.1'1,at 1800°C (Reference 2). 
The results of Begley and co-workers (Reference 4) agree with those of EIUott and suggest 
a solubility of less than 0.01% at 1200°C. 

Nitrogen is more soluble in columbium than is carbon. The investigations of Albrecht and 
Goode (Reference 5) and Elliott and Komjathy (Reference 6) yield solubilities of 0.8% and 
0.25% at 1800° and at 1200°C, respectively. The results of Cost and Wert (Reference 7), 
de Lamotte, Hua1ig, and Altstetter (Reference 8), and Gebhard, Fromm, and Jakob (Reference 9) 
are in agreement at 1500°C (0.42%) with those of Albrecht-Goode and of Elliott-Komjathy, 
However, they find a somewhat faster decrease of the solubility of nitrogen with decreasing 
temperature. In an earlier investigation of the columbium-nitrogen system by the internal 
friction method Ang and Wert (Reference 10) found also a smaller solubility at low tem­
peratures than did Albrecht and Goode (0.036% at 800°C). 

The solid solubility of oxygen in columbium is also larger than that of carbon. Elliott 
(Reference 11) reports a solubility of 0.25% at 500°C and of 0. 72% at the eutectic temperature 
(1915°C). 

• All concentrations are given in wt'f.ght percent unless otherwise 11oted. 

1 
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By adding metalllc alloying elements the solubility of o>.~gen in columbium can be 
changed considerably. The addition of molybdenum and tungs en will probably decrease 
the solublllty for lnterstitial elements because of the smaller atomic radii. OWing to the 
higher affinity of oxygen, additions of zirconium also cause a decrease of the ~lubility limit. 
Hobson (R~ference 12) finds only a solublllty of 0.03 percent oxygen in a Cb-lZr alloy at 
1600°C, and Barber and Morton (Reference 13) determine the solublltty of oxygen in the 
same alloy with 0.01% at 1000°c. 

A slmllarly large effect of zirconium addition on the solubility of nitrogen in columbium 
was not found in the few reported investtgations. DeLamotte, Huang, and !iltstetter (Ref­
ence 14) find no essential shift of the solubllity limit in columblum between 1500° and 2100°c 
for zirconium contents of 0.86 percent and 1.5 percent. However, slnce the ratio of nitrogen 
to zirconium in this temperature region is large, deLamotte et al. point out that an influence 
of zirconium may be fou.nd perhaps at higher Zr-concentrations. 

As a result of the relatively small solubilities of oxygen, nitrogen, and also carbon, most 
commercial columblum alloys contain precipitate phases which can influence the behavior 
of these alloys during fabrication and application. If a fine particle size can be maintained, 
preclpltat€ phases may have a beneficial effect on strength at high te1J1peratures.This , 
however, ls largely not found for columbium alloys developed so far. Hobson (Reference 12) 
finds a strength maximum for Cb-lZr alloy (0.021%C, 0.014%0, 0.016%N) after solution 
annealing (1600°C/2hrs.) and subsequent aging for 50 hrs. at 927°C. Further aging at 92'1°C 
causes a decrease in strength. This ls in agreement with results by Stewart, LiebermElllll, 
and Rowe (Reference 15) who made hardness measurements on the same alloy after an­
nealing at 1760°C and aging at 927°C. The precipitation hardening ln these columbium­
zirconium alloys was thought to be due to zirconium oxide, although an influence of nitrides 
and carbides was not excluded. Chang (Reference 16) also reports rapid overaglng in Cb-lZr 
alloy (0.02%0, 0.01%N, 0.005%C) at 955°C. A precipitation hardening effect at higher tem­
peratures ., however, was found by Chang in the columbium alloy F-48 (Cb-14. 7%W-5.5%Mo-
1%Zr- 0.10%C, 0.033%N, 0.028%0). After solutl n annealing at 1925°C and 2200°c a hardness 
peak was found by aging fo1• 1 hr at 1200°c. Rapid overaglng occurred above 1200°c. The 
age-uardenlng was thought to be due to the precipitation of Zr-rich (Zr,Nb)C. In the same 
investigation Chang also found precipitation hardening in the columbium alloy F-50 (Cb-
13.8~-4.85<{Mo-4. 37'lTi-0.9'l Zr-·0.035<{C ,0.023%0, 0.031~·~). The hardness peak in this 
alloy, however, was already found after aging for 1 hr at 982°C and was apparently caused 
by the precipitation of (Zr,Nb,Ti)C. The high titanium concentratiou was probably responsible 
for the lower range of stablHty of the precipitate. According to Begley and co-workers (Ref­
erence 4) small additions of oxygen to Cb-5Hf and Cb-5Hf-l Ti-lZr alloys gave improved 
strength properties at U00°C. The precipitate phases in these alloys were mainly hafnium 
oxide. Simultaneous additions of oxygen and nitrogen to Cb-5Zr (Reference 17) and Cb-5Hf 
(References 17 and 18) alloys had a more pronounced effect on the bot-hardness ln the tem­
perature regton below 1200°C than equal or higher amounts of oxygen or nitrogen alone 
(Reference 17). Coagulation of preclpl tates in nitrogen- and oxygen-containing Cb-Hf alloys 
occurred around 950° to 1000°c after agtng for 1 hr (Reference 18). In nitrogen-containing 
Cb-Hf alloys embrittlement was, however, encountered tn the solution annealed condition 
(1B00°C) (ijeference 18). The precipitation reaction was apparently caused by the formation 
of hafnll!.m nitride (fleference 18). Additions of carbon to Cb-Hf and Cb-Zr alloys caused a 
less prominent precipitation hardening (Reference 17): however, the ductility of these alloys 
was not affected. 

In summary then, it can be stated that in columblum alloys containing zirconium, hafnium, 
or titanium precipitation hardening ls apparently generated by formation of nitrides, oxides, 
and carbides, which improve the strength at higher temperatures to some extent. Compared 
to carbon- or oxygen-containing alloys the addition of nitrogen ln concentrations of 0.1 to 
0.2 reduce the cold ductility ln the solution annealed condition. However, ln many cases the 

2 
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observed precipitation processes cannot be ascribed clearly to eithe1 nitrogen, oxygen, or 
carbon, since these elements are almost always Aimultaneously present and interaction of 
these elements in the precipitation reaction cannot be excluded. These investigations of 
precipitation hardening phenomena in columbium alloys have shown that the stability of the 
precipitate phases, which have beneficial effects on high temp;erature strength, is limited 
to temperatures below 1000° or 1100°C, which is not sufficient in view of the intended service 
temperatures for these alloys of 1200°C or hig11er. 

Chang (Reference 16) points out the temperature regions for the columbium alloys F-48 
and F-50 in which the various precipitates are stable. According to hie investigations three 
different precipitates are of importance in the columbium alloy F-48. A (Zr, Cb)C is stable 
in temperature regions up to 1600°C, Cb2C between 1600° and 2200°C, and zr02 between 

1600° and 2100°C. Therefore, annealing the alloy F-48 at temperatures between 1800° and 
2000°C causes precipitation of Cb2C and zr02. If such sample is subsequently ar.nealed at 

1300°C both Cb2C and zr02 are dissolved and the mixed carbide (Zr, Cb)C, which poasibly 

also contains oxygen and nitrogen, precipitates. In the columbium alloy F-50 which in com­
parison to F-48 contains approximately 5percent titanium and somewhat less carbon (0.035%), 
formation of Cb2C ts suppressed. Chang's results (Reference 16) consequently suggest that 

the solid solubiJity of carbon in F-48 and F-50 is extremely low even at elevated tempera­
tures, so that complete solid solution may be achieved only at temperatures close to the 
melting point of the alloys. This interpretation is accepted by Yount and Keller (Reference 19) 
in an investigation of the columbium alloy D-43 (Cb-10%W-1%Zr-0.1%C, 0.02%0, 0.007%N). 
After annealing the alloy D-43 for 1 hr at 2345°C they observed a single-phase structure. 
Begley et al. (Reference 17) find in the carbon-containing Cb-5Hf and Cb-5Zr alloys that as 
in the F-50 alloy (Reference 16) the formation of Cb2c is suppressed by the high Hf- and 

Zr-concentrations and that the monocarbides are "stabilized" up to at least 2000°C. 

One can argue against these interpretations that a drastic reduction of carbon solubility by 
relatively minor additions of metallic alloying elements like Zr, Hf, or Ti is unlikely from 
analogy to the Cb-Zr-N system. Assuming that the carbon solubility in columbium iE' not 
reduced, then the stability of some of the observed precipitates must be questioned. An 
alternate interpretation of the experimental results would be that some of the precipitates, 
observed after high-temperature annealing, have formed during cooling. This interpretation 
assumes a very rapid rate of precipitation, which is supported by the observation of carbide 
precipitates in the fusion zone of electron-beam welds in relatively thin sheet of the colum­
bium alloy D-43 (Reference 19). These precipitates have obviously formed during the rapid 
cooling from the melt. 

3 
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SECTION II 

EXPERIMENTAL MATERIALS 

As experim~ntal materials for this investigation, two commercial columbium alloys were 
selected which have a nominal carbon content of 0.1 percent and are different in the type 
and concentration of the carbide forming elements. Alloy D·-31 contains 10 percent (approx. 
17 at.-%) titanium, alloy D-43 only 1 percent (approx. 1 at.-%) zirconium. 

Chemical analysis, producer and process history are given below in Sections 2.1 and 2. 2. 
Since both alloys were received in the annealed condition, a sample was taken from each 
sheet and cold-rolled 50 percent on a two-high rolling mill for the purpose of determining 
the temperature regions for recovery from cold-wor!' 

2.1 COLUMBIUM ALLOY D-31 

Received as sheet of 0.041 inch thickness from Manufacturing Technology Division, Wright­
Patterson Air Force Base. Producer: E. I. Du Pont De Nemours and Co., Wilmington, Del. 
Charge Number: S-98726, sheet Nr. 3 
Nominal Composition: Cb-10%Mo-10%Ti-0.1%C 
Process History: 

1. Hammer forged from 8" diameter ingot to 13.5" x l. 750'' x 17. 75" at 1290 C 

2. Annealed 1 tour at 1370 C 

3. Hot rolled from slab to sheet bar 1611 x 0. 781" x 21. 25 11 at 1200°C 

4. Annealed 1 hour at 1370°C 

5. Hot rolled from sheet bar to mold out 29" x 0. 300" x 35 11 at 1200°C 

6. Annealed 1 hour at 1200°C 

7. Hot rolled from mold out to hot rolled sheet 28'' x 0.150" x 59'' at 1200°c 

8. Vacuum-annealed 1 hour at 1200°C 

9. Cold rolled to 28.25
11 

x 0.07511 x 30.5 11 

10. Vacuum annealed 1 hour at 1200°c 

11. Cold rolled to 28.5" x 0.04111 x 54' ' 

12. Vacuum annealed 1 hour at 1100 

Chemical nalysis (by Ledoux & Co., Teaneck, N.J.): 

Molybdenum 9.64% luminum 20ppm 

Titanium 8.43~ Copper 50ppm 

Carbon 0.094% Iron 70ppm 

Oxygen 0.017 Lead 70ppm 

itrogen 0. 0131¾ Silicon 50ppm 

Hydrogen 1.4ppm Tantalum 3500ppm 

Vanadium l0ppm 

Zirconium 20ppm 

4 
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2.2 COLUMBIUM ALLOY D-43 

Received as sheet of 0.030 inch thickness from Manufacturing Technology Division, Wright­
Patterson Air Force Base. Producer; E. I. Du Pont De Nemours and Co., Wilmington, Del. 
Charge Number: 43-387-2 
Nominal Composition: Cb-10%W-1%Zr-0,1%C 
Process History: 

1. Extrusion of 8" diameter ingot to 2" x 6
11

x length sheet bar at 1100°c (steel casing) 

2. Cross rolling to 1/ 4" plate at 1200°c 

3. Flattened and conditioned 

4. Annealed 1 hour at 1200°c 

5. Cold rolled to 0.100" sheet 

6. Annealed 1 hour at 1200°c 

7. Cold rolled to penultimate gage 

8. Solution heat treated for 10 minutes at 1650°C 

9. Cold rolled to final gage 

10. Annealed one hour at 1425°c 

11. Flattened 

Chemical Analysis: by Producer: by Ledoux & Co. 

Tungsten 9.4% 9.04% 

Zirconium 1. 0% 0.96% 
• 

Carbon 0.1070% 0,097% 

Oxygen 0.0136% 0,0067% 

Nitrogen 0,0040% 0.0025% 

Hydrogen 3ppm . 
Silicon - - 0.001% . 
Titanium - - 0,002% . 
Molybdenum - - 0.001% . 
others . not detected 

5 
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3.1 HEAT TREATMENT 

SECTION m 

EXPERIMENTAL PROCEDURES 

Compared to other materials the heat treatment of columbium and columbium alloys is a 
problem, since considerable reaction with gases occurs already at relatively low temperatures 
and large variations in properties are caused by minute differences in the gas content. 
Especially the absorption of oxygen, i.e. external and internal oxidation, plays an important 
role during annealing which in most cases is difficult to separate in the analysis of ex­
perimental results. 

Only recently, attention has been focussed to the gas-metal reactions occurring during 
annealing of columbium alloys in conventional vacuum furnaces. However, the reported in­
vestigations are concerned without exception with long time tests at temperatures below 
1200"C. No systematic results are known for vacuum annealing at higher temperatures. 
Internal oxidation effects below 1200"C are important for the heat treatment of columbium 
alloys, since recovery, recrystallization, and precipitation processes occur in this tem­
perature region. Most investigations (References 20, 21, and 23) are concerned with the 
infiuence of vacuum on the properties and chemical composition of columbiwn and colum­
bium-zirconium alloys as a function of temperature and annealing time. Inouye (Reference 20) 
compares the gas contents of columbium, tantalum, molybdenum, and columbium-zirconium 

-7 alloys after annealing "'lr 1000 hours between 600° and 1200"C in a vacuum of 2. 7 x 10 
Torr and finds that the absorption ~f gases, i.e. predominantly oxygen, by tantalum and 
molybdenum is relatively small compared to columbium. Also the absorption of gases by 
columbium-zirconium alloys is about 2 to 3 times as large as by unalloyed columbium under 
identical conditions. The investigations of Roche (Reference 23) are in agreement with those 

-7 of Inouye, namely that a vacuum of better than 1 x 10 Torr ts necessary for the prevention 
of gas absorption for longer annealing times. Hall and Titran (Reference 22) show that even 

-8 with a vacuum of about 1 x 10 Torr a measurable increase of the oxygen concentration occurs 
in columbium alloys during long time annealing at temperatures between 1100° and 1200°C. 
Some prevention of gas absorption can, however, be achieved by wrapping the samples into 
metal foils (References 20 and 21). Although some scatter in the results is caused by dif­
ferences in wrapping, this procedure limits the gas absorption to tolerable levels. The 
efficiency of Ta, Mo, W, and Cb-lZr foils was approximately equal in these investigations. 

With the use of protective foils, acceptable results can be obtained at 1 x 10-6 Torr during 
1000 hours annealing, at temperatures between 700° and 1200°C. 

For the aging tests of the columbium alloys D-31 and D-43 in the temperature region up to 
-6 1100°C, a vacuum system was originally built which provided a minimum pressure of 6 x 10 

Torr. During aging experiments with the alloy D-43, it was found that even at relatively 
short annealing times, at temperatures between 700° and 1000°C, considerable gas absorption 
occurred if no protective tantalum foil was used. Figure 1 shows the infiuence of annealing 
time between 900° and 1050"C on the hardness at room temperature. Curve A gives the hard­
ness data for a single sample which was taken out of the furnace for the hardness measure­
ments after certain times. The data for curves Band C, however, are from samples with a 
continuous heat treatment for the times indicated. For the samples of curves A and B no 
protective tantalum foils were used. The different hardness levels of curves A and B indicate 
a higher sample contamination by repeated initial degassing of the system (curve A) as 
compared to a single degassing (curve B). However, even orie degassing may lead to oxidation 

6 
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phenomena, since a much lower hardness is shown by curve C for samples with protective 
tantalum foils. Recovery or overaging processes do not occur in this case. These results 
made an improvement of the vacu m system necessary in order to prevent oxidation phenomena 
with greater certainty. With the modified vacuum system a minimum pressure of less than 
5 x 10-7 Torr was obtained. In addition, the whole vacuum system was carefully degassed 
before each aging test. All samples used in this investigation were wrapped in tantalum foil, 
except where stated. 

Heat treatment at temperatures above 1100°C was conducted in vacuum furnaces with 
tantalum heat elements which were arranged in.radiation- and water-cooled vacuum chambers. 
Since it was necessary to obtain maximum cooling rates from very high temperatures, two 
different types of furnaces had to be used, the particularities of which in terms of vacuum 
and cooling rate will be described briefly. 

The most frequently used high-temperature vacuum furnace (''A'') provided a vacuum during 
annealing of 1 x 10-5 Torr. The maximum cooling rate of this furnace ts plotted in Figure 2 
and was obtained by radiation cooling only. The temperature was measured with a W/WRe 
thermocouple as well as by optical pyrometry. The precision of the temperatµre measurement 
is approximately :1:1%. The thermocouple was not connected with the sample but was located 
in a tungsten "black body" within the hot zone. Within the experimental error the cooling 
curves for maximum cooling rate was identical after annealing at various high temperatures. 
The influence of type of material and mass of annealing samples on the cooling rate was not 
measured. However, the deviation seems to be nt,gligibly small, since usually about the same 
amount of samples were annealed and the mass of the samples was comparatively small. The 
samples were wrapped into tantalum foil to prevent gas absorption during annealing. During 
the investigation it became desirable to obtain slower cooling rates. The vacuum furnace, the 
maximum cooling rate of which is plotted in Figure 2, permitted to program the coollug rate 
by a "Data-trak'' (Research Incorporated). The different cooling rates used in this investigation 
are also plotted in Figure 2. 

Since in some instances the maximum cooling rate which can be achieved by radiation cooling 
was not sufficient, a vacuum quenching furnace at Battelle Memorial Institute, Columbus, Ohio 
was used instead. After annealing in this furnace (11B") the sample is released by a mechanism 
and drops from the tantalum hot zone into an oil bath. The minimum pressure of this furnace, 

however, was limited to approximately 1 x 10-4Torr. In order to obtain maximum and uniform 
quenching the samples were not wrapped into tantalum foil, so that a larger variation of gas 
content must be taken into consideration in the analysis of the results. 

3.2 INTERNAL OXIDATION 

In the course of the present investigation it became desirable to ·ncrease the oxygen con­
tent of some samples in order to determine the role which oxygen plays in the precipitation 
reactions in carbon-containing columbium alloys. The glass vacµum system, which was used 
for the aging tests, was particularly suited for these experiments, since columbium alloys ab­
sorb gases already at temperatures below 1000°C and since the heat elements were not oxidized 
due to the external heating of the quartz furnace tube. Because a precision mercury pressure 
gage was not available, the amount of the absorbed gases was measured directly by measuring 
the weight difference of the sample. Pure oxygen was fed into the evacuated system after the 
high vacuum valve was closed. In order to reproduce the gas amount in the system from test 
to test, the gas was leaked into the system and measured with a thermocouple gage until a 
pressure of approximately 25 x 10-3 Torr was obtained. The initial pressure was maintained 
at this low level in order to prevent the formation of external oxide films. The gas was fed 
into the unheated system. The samples were subsequently annealed at 900°C and the pressure 
drop was monitored by the thermocouple pressure gage. 
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3.3 METALLOGRAPHY AND HARDNESS TESTING 

For the metallographic preparation the samples were first polished mechanically and 
then finally on a vibrator. The samples were etched in a solution which had the following 
composition: 

42 ml HF (cone.) 

28 ml H2so4 (cone.) 

10 ml HN03 (cone.) 

100 ml H20 

The samples were etched by pouring the etching solution onto the polished sample surface. 
Etching was immediately interrupted hen gas development occurred. With this method 
well reproducible, etching was achieved. Hardness measurements were made on polished 
and etch.,d samples with a Leitz Durimet Small Hardness Tester under 1000 gr load. The 
repo .. ~0~1 hardness values are average values of approximately 10 indentations. 

3.4 PH SE EXTRACTION METHOD 

A number of methods are known, b which the chemical compositions of precipitates in 
columbium alloys can be investigated. With e Microprobe analyzer the metallic components 
of larger precipitates can be determined directly within the microstructure and thus the 
relationship is seen immediately between microstructure and precipitate. The non-metallic 
component of the precipitate, however, normally cannot !:iedetermined so that further analysis 
methods must be used. For instance, the lattice structure of the precipitate may be de­
termined by x-ray or electron diffraction. The use of electron diffraction, however, is 
limited to such precipitates which are relatively fine and very thin. Another method of 
precipitate analysis is the mechanical or chemical isolation of precipitate particles from 
the surrounding matrix with subsequent lattice structure determination by x-ray structure 
analysis and composition determination by chemical analysis. 

Microprobe analysis combined with x-ray structure analysis of chemically isolated particles 
was employed by Cuff (Reference 24) for the determination of precipitates in samples of 
molylxlenum and columbium alloys. Begley and co-workers (Reference 17) used electron 
diffraction and x-ray structure analysis for precipitates in columbium alloys. Chang (Ref­
ert:!nce 16) employed x-ray structure analysis of electrolytically isolated precipitates m 
combination with x-ray fluorescence and chemical analysis in molybdenum and columbium 
alloys . 

In the present investigation the precipitate particles were usually too small to give r eliable 
result with the microprobe method. Therefore, the precipitate phases were extracted and 
x-ray structure analysi was performed with the intention to obtain information about the 
composition of the various precipitate phases by systematic variation of the sample con­
dition. Where ever possible, chemical analysis of the extracted phases was performed. 

For the i!-<olation of the precipitate phases from heat treated samples a method was used 
at first which is described by Chang (Reference 16). The sample is electrolytically dissolved 
in a solution of methanol and 7 percent HCl. The results obtained by this method were not very 
satisfactory, since the residue contained generally a larger amount of matrix particles 
which make the analysis of x-ray patterns difficult and a chemical analysis of the residue 
meaningless. Efforts to improve this method were not successfnl. 
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Because of these difficulties a chemical extraction method was used which is described by 
Pochon et al. (Reference 1). The solution consists of 10 ml bromine, 90 ml methanol, and 
10 grams tartaric acid. Approximately 35 ml of the solution was given into a test tube which 
contained the samples. The samples had a size of approximately 1/2 x 1/2 x 0.040 inches and 
w r carefully ground, etched, and cleaned before extr:iction. Also with this method, difficulties 
wer encountered particularly with samples of alloy 0-31, since shortly after start of the 
r eaction an apparently amorphous surface layer was formed, which slowed down the process. 
Fortunately, it was observed that in the immediate vicinity of a platinum wire, from which 
the sample was suspended, the reaction occurred relatively fast and withou the formation of 
the surface film. In a number of tests it was found most beneficial to use a small basket of 
platinum mesh which contained the samples and which was suspended in the solution. This 
method was then used throughout the investigation. The samples were usually dissolved after 
approximately 24 hours. Subsequently the solution was centrifuged, decanted, and the isolated 
precipitate products were washed in methanol and dried in air. 

Samples of the 0-43 alloy usually dissolved faster than those of the 0-31 alloy. In most 
cases no matrix contamination of the residue was found in the x-ray films. In order to de­
termine if the precipitate phases were attacked by the solution, xtracted precipitates from 
various heat treated samples were left in the solution for about three to four weeks. After 
this tim neither a noticeable decrease in the amount of precipitates nor a change in the 
relative intensities of various precipitates from a single sample were observed. Since the 
precipitates in these alloys are mainly carbides, it is shown by these experiments that the 
carbides themselves are not attacked by the chemical reagents. lso, since the oxides are 
generally more corrosion resistant then carbides (Reference 25), one can conclude that at 
least these two types of precipitates are not essentially influenced by the chemical solution. 

In the course of the investigation it was found that the limit of identification of precipitates 
by phase extraction and subsequent x-ray analysis corresponds with the limit of microscopic 
resolution, i. e., precipitates which have a size of less than 500 to 1000 A were not detected 
in a direct way with these two methods. In several instances hardness measurements gave 
indications of the presence of such small precipitates, the dentification of which could be 
only concluded from indirect evidence. 

3.5 X-RAY ANALYSIS 

Usually a few milligrams of precipitates wer extracted from a single sample. This amount 
was too small to use a goniometer, therefore only O by -Scherrer films were made. The dry 
powder was carefully mixed and filled into a 0. 3 mm di ameter Lindemann glass capillary. In 
many cases the amount of precipitat was uffic i nt for a second capillary for which the 
powder was then mixed with an internal s tandard (thori a or tungsten) in order to perform 
precision measurements; The x-ray powd r patt rn w r made in a cylindrical Siemens 
camera with 114.6 mm diamet r using typ KK K dak film. The non-symmetrical film 
arrangement was used to correct the film hrinkag . M t x-ray patterns were made wi h 
nickel-filtered copper radiation ( ~ = 1.54 A) . 

Frequently the interference lines of th O by - ch rr r patt rns were somewhat diffuse 
which hampered the precise measurement of lin po ition. Diffuse diffraction lines were 
mainly observed for pr cipitates which wer form d during cooling from high t mperatures 
or which had a very fine particle size. Th larger, i othermally formed precipitates gave 

harp diffraction patterns so that in man y cases K separation could be observ d in the 

b ck r fl ec tion r gion. Ther fore, th more diffuse patt rn se m to be caused by small 
particl siz , concentration grart ients , int rnal str sses, and lattice d fects . For a com­
parison of the r eported lattic par amet r s a maximum rror of ±0.004 A must be taken 
into c n i r ation. In c se , wher int r nal tandards hav b n us d, th error i decreased 
t about ±0.002 ~ r les a c rding to th condit n of th sampl . 
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For the evaluation of Deby -Scherrer patterns the measured lattice spacings d
0 

and the 
observed relative intensities 1

0 
were compared with corresponding values of known crystal 

structures which presence was suspected according to the alloy composition. In some cases 
such a comparison led to a satisfactory identification of the compounds. Many precipitates 
in the investigated alloys have, however, NaCl-type structure which does not agree with the 
lattice parameters of pure compounds such as carbides, nitrides, and oxides. It is known 
that the pure carbides of the metals columbium, titanium, and zirconium form complete series 
of solid solutions (Reference 26). In the case of mixed carbides the composition can be deter­
mined from the measured lattice parameters of the precipitates. If, however, oxygen and 
nitrogen participate in the formation of precipitates, a decrease of the lattice parameter is 
usually encountered. In these cases determination of lattice parameters alone does not yield 
conclusive informaton on the composition, and one must resort to direct chemical analysis 
of the extracted precipitates for better identification. 

SECTION IV 

EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 COLUMBIUM ALLOY D-31 (Cb-10%Mo-10%Ti-0.1%C) 

4.1.1 Precipitates in the As-Received Condition 

The as-received condition is characterized by a series of cold-rolling and annealing 
processes (see Chapter 2.1). The intermediate heat treatments were done at 1200°C and the 
final annealing at 1100°C. The microstructure of the as-received condition, Figure 3a, shows 
almost complete recrystallization after the final annealing treatment. The precipitates in the 
as-received condition are not uniformly distributed inthemicrostructure but occur in patches 
and bands. The hardness of the as-received material, DPH = 208 kg/mm2,correspondsto 
the hardness of the soft-annealed condition as can be seen from Figure 5. 

The Debye-Scherrer pattern of extracted precipitates shows :1 number of interference lines, 
the d-values and intensities of which can be coordinated with a single lattice structure. The 
lattice is of the NaCl-type, the lattice parameter a = 4.322 ±0.001 A. Lattice structure and 
parameter as well as the composition of the alloy may suggest that the precipitate is primarily 
TiC (a= 4.313 - 4.332 A-(Reference 27)). The chemical analysis of the precipitate*, however, 
give~ the following values in weight-%: 

Ti 47 ±3% 

Cb 45 ±3% 

Mo 2.5 ±0.2% 

C 8 ±0.25% 

• chemical analysis by Ledoux & Co. 
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The high columbium concentration of the precipitate is at first surprising. If the precipitate 
were a pure solid-solution carbide (Ti ,Cb)C, one would expect a larger lattice parameter 
of at least 4.344 A (Reference 26). It therefore must be assumed that oxygen and nitrogen 
participate in the precipitation of this phase which would decrease the lattice parameter. 
This assumption seems justified since according to the chemical analysis of the alloy 0-31 
(see Chapter 2.1) the weight ratio of oxygen + nitrogen to carbon is approximately 1/3. In 
Chapter 4.1.4 it will be shown further that by adding more oxygen to the alloy the lattice 
parameter of the precipitate is reduced even further. Therefore, it must be concluded that 
the precipitate intheas-receivedconditionisatitanium-rich oxicarbonitride (Ti.Cb) (C, 0, N) . 
Since titanium and carbon are the main constituents of this precipitate it will be termed 
MC-phase. The subsequently described exp~rimental results show that this precipitate is 
the equilibrium second phase in the alloy 0-31. 

4.1. 2 Precipitates After Solution-Annealing 

After annealing at higher temperatures the following changes occur in the microstructure 
and in the lattice structure of the precipitates. Coagulation of the MC-phase, a small amount 
of grain-boundary precipitates, and the beginning of grain growth can be observed in the 
microstructure after annealing lhr/1400°C/FC. The Oebye-Scherrer pattern shows a very 
weak line with a value of d = 2.25 .!. in addition to the interference lines corresponding to 
the MC-phase. These changes are more prominent after annealing lhr/1500°C/FC. Figure 3b 
shows the microstructure of such a sample. Beside the interference lines of the MC-phase, 
a number of additional weak lines can be observed in the x-ray pattern after this heat treat­
ment. However, if the sample is quenched after annealing lhr/1500°C/OQ, these additional 
lines and also the grain boundary precipitat are not observed; see Figure 3c. These results 
show that (a) the grain boundary precipitate occurs during cooling and that (b) the additional 
interference lines in the x-ray pattern seem to be caused by the grain boundary precipitate. 

After annealing lhr/1500°C/FC, the lattice parameter of the MC-phase had increased from 
4. 322 .!. in the as-received condition to 4. 342 .!. which points towards a reduced stability of 
this phase. On the other hand the lattice parameter of the same phase after quenching from 
1500°C was determined as a= 4.320 .l\ which is even slightly smaller than for the precipitate 
in the as-received condition. The latter phenomenon is explained by the lower vacuum in the 
quenching furnace (see Chapter 3.1) which causes an increase in the oxygen content of the 
sample and therefore a decrease of the lattice parameter of tile MC-phase. This explanation is 
in agreement with the results of the internal oxidation experiments described in Chapter 4.1. 4. 

Figure 3d shows the microstructure after annealing lhr/1600°C/FC. The most stri.king 
differences between this and the previous microstructures are the marked grain growth, 
the needle shape and more uniform distribution of the precipitates, and the grain boundary 
precipitate film. If the sample is quenched in an oil bath after annealing lhr/1600°C/OQ, 
the microstructure as shown in Figure 3e is essentially a single phase structure. 

These annealing experiments show clearly that the MC-phase has dissolved at 1600°C. The 
needle-like precipitates and the grain-boundary precipitate must have formed during fast 
radiation cooling (FC). Repeated annealing of the oil-quenched sample at 1600°C with sub­
sequent radiation cooling gave again a needle-like structure which corresponds to Figure 3d. 
It is therefore shown that by q·1enching from 1600°C the formation of observable precipitation 
can be suppressed in this alloy. 

For radiation cooled samples (FC) the microstructures after annealing at 1600° and 1700°C 
are quite similar (compare Figures 3d and 3f), although the amount of precipitate has slightly 
decreased after annealing at 1700°C. After quenching from 1700°C in oil, however, precipitates 
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ar ob rv d again, as i hown by Figure 3g. Th pr cipit:1te-fr zones along th grain 
boun art s ar typical for h t rog n ou pr cipitation fr m sup rsaturat d solid solution. Th 
fact that pr cipitation is not uppr ss d during quenching from l 700°C is atlribut d to th 
additional amount f h at which mu t be di sipat d and which giv a lower qu nching raL. 
Thi ob rvation illu trat th xtr m rat of pr cipitati n in columbium alloys. 

Th av rag grain I ze aft r on hour ann ali ng at various lemp ratures i plotted in figur 
4. A wa m ntion d arli r, grain growth tart at 1400 . A sudd n increas of grain siz 
occur during ann aling betw n 1500° and 1600 . This behaviour i noteworthy, sine grain 
growth occur in th sam t mp ratur r gion in which incr as d solutioning of the MC-pha 
wa ob rv d. Th t mperatur of sudd n grain gr wth coincid v:ith th t mperature regi n 
of c pl t olid lution. 

Th 

Figur 

hardn 
h rdn 

Th 

micr tructur . it hardn 
t r om t mp ratur . 

d 

l ing fr m 17 

amp! 

t 1400 
luti ning 
d imuJ-

Th x-ray analy i of pr cipitat s xtract d from olution-annealed sampl of alloy D-31 
(i. . pr cipitat which h v form d during cooling) yield d a number of int rf r nc lin s 
which b long t a pr cipitat with a y t unknown lattic structur . That thes int rf r nee 
Jin w r cau d by a ingl pr cipitat pha wa, a ' C rtained by suitabl vart:1tio1, o( th 
h t, tr atm nt so that a chang of int n it ' s of th line against those of oth r precipitates 

achi v d. Furth r-mor , th ame pr cipitat was found in the columb\um alloy D-43 
( hapt r 4. 2) and in thi alloy th pr cipitat was parated as a singl pha e afters me 

p cial tr atm nt ( h pt r 4. 2.4). Thi pr cipitat i s ntially a columbium carbide 
whi h may und r om c ndition di olv oth r alloying el m nts lik molybd num, titanium, 
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tungsten, zirconium, and oxygen. This carbide will be designated as E -carbide, In the micro­
structure it occurs in form of larger or smaller platelets and as a grain boundary precipitate. 

Increased solutioning ~f the MC-ph.ise occurs after annealing at 1400° and1500-Cand a 
precipitate phase forms at the grain boundaries during cooling. The interference lines in the 
x-ray patterns which were apparently caused by the grain boundary precipitate are identical 
with those of the E -phase. This shows that the E -phase can precipitate during cooling 1n 
the temperature ret"tion below 1400°C. 

Beside the E -phase a second strong precipitate was determined in the D-31 alloy after 
solution ann aling. This precipltatP. has a lattice structure of the NaCl-type and a lattice 
parameter which, depending on the previous heat treatment, ',as a value around a = 4. 39 A. 
An exact analysis of the composition of this precipitate was not possible, since both this 
and the E -carbide occurred always simultaneously. A comparison of the lattice parameter 
of this Frc-phase with that ofthe cubicCbC (a = 4.431 - 4.470 '1.(Reference 28)) suggests that 
CbC plays a major role in this precipitate phase. A decrease of the lattice parameter to 
a = 4.39 ~ and less can be caused by the substitution of Cb by Ti and Mo and also by the sub­
stitution of C by 0. Oxygen may play 1:1 major role in the pr ecipitation of this phase, since the 
diffusion rate of oxygen is comparable to t.hat of carbon and since oxygen ls present in con­
siderable amounts as can be taket from Table 1. On the basis of the determined lattice param­
eter this precipitate is assumed to be acolumblum-rich oxicarbide (Cb,Ti,Mo) (C,O). 

Beside relatively strong interference lines of the E -carbide and of the cubic oxicarbide 
usually a few additional but very weak lines were observed which may have been caused by 
traces of hexagonal Cb2c and cubic CbC. The CbC-phase was more prominent after quenching 

than after slower radiation cooling. Because of the relatively weak and diffuse diffraction 
pattern it was not possible to determine precisely the lattice parameter of these precipitates 
so that no further information was gained about their exact composition. The presence of 
these weak precipitate phases may be due to the heterogeneity of the precipitation processes 
during cooling. A summar of the precipitate phases which were identified in the columblum 
alloy D-31 after various heat treatments ls given in Table II. 

It is now necessary to establish a relationship between the precipitates observed metallo­
graphically and by x-ray methods. For solution annealed samples the Debye-Scherrer pattern 
gave essentially two different precipitates, the E -phase and the cubic oxicarblde. In the 
microstructures of Figures 3d and 3f, however, only one type of precipitate can be seen. 
Electron micrographs of surface replica were taken to increase the resolution of the optical 
micrographs. Figures 6a to 6c showthemicrostructuresof samples which were, respectively, 
quenched, fast-cooled, and slow-cooled after annealing for one hour at 1700°C. These micro­
structures also suggest only one type of precipitate which occurs in the fot m of thin platelets 
or needles. By decreasing the cooling rate the size of these precipitates increases. It must 
therefore be concluded that both the E -carbide and the cubic oxicarblde show the same 
precipitate form in the mlcrostructure. Because of the large grain size after solution annealing 
the amount of grain boundary precipitate is too small to account alone for the high intensity of 
one of the two major phases in the Debye-Scherrer pattern. 

It may be stated in summary, that after solution annealing alloy 0-31 preeipitates occur 
upon cooling which are columbium-rlch carbides or oxicarbides. As will be more clearly shown 
by the investigation of precipitates in the col um bl um alloy 0-43 in Chapter 4. 2, the formation 
of the E -phase depends on the degree of under-cooling and on the carbon concentration. This 
behaviour can also be gathered from the results summarized in Table II. Based on these 
results and those which are reported in Chapter 4. 2 it must be concluded that the cubic 
oxicarbide precipitates in an upper temperature region and the E -carbide in a lower temJ)f.'ra­
ture region during the cooling process. 
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4.1 .3 Aglng Experiments 

This chapter describes results of a series of tests which were performed for the purpose 
of obtaining information about the precipitation phenomenon which caused the increased 
hardness of solution annealed samples, see Figure 5. Chapter 4.1.2 shows that columbium­
rlch carbides precip i ate during cooling from high temperatures. For the relatively large 
slze of these carbide it is impr<Jbable that the hardness increase should be caused by them. 
Another purpose of this test series was to determine the possibillty of age-hardening in 
the alloy. 

For the aging tests, sheet samples of alloy D-31 were solution annealed for one hour at 
1700°C. One portion of the samples was quenched ln oil (OQ), the other portion was radiation 
cooled (FC). The solution annealed samples were subsequently ai~ed for one hour at tem­
peratu1 es between 250° and 1300°C. 

The hardness data of the aged samples are plotted in Figure 7. Within the scatter of the 
hardness values for fast-cooled samples no tendencies towards ae; -hardening can be ob­
served. Above 900°C the hardness decreases rapidly and reaches a mlnimum at temperatures 
between 1200° and 1300°C. However, for the quenched samples a hardriess maximum is clearly 
indicated at 450°C. Above '150°C the hardness decreases first aind then remains constant 
within the scatter of the values up to about 950°C. Aging at higher temperatures rasults 
in a parallel hardness decrease as for fast-cooled samples and the hardness minimum is 
also reached between 1200° and 1300°C. Due to the scatter of the hardness values i.t cannot 
be stated with certainty whether a second age-hardening peak exists in the temperature 
region between 800° and 1000°c. 

Typical changes of microstructure during aging are illustrated by comparing Figure 3f 
with Figure 8. After one hour aging at 1200° and 1300°C the originally precipitate-fre;e re­
gions between the needle-like precipitates and the immediate vicinity of these needle-like 
precipitates now contain clearly a fine, dispersed precipitation. The precipitate-free regions 
in the neighborhood of the needle-like precipitates and the grain boundaries are further 
worthy of notice. These microstructural changes can be observed at first after annealing in 
the temperature region between 1000° an 1100°c in solution annealed and fast-cooled 
samples, i.e . , in the temperature region of the rapid hardness decrease. 

Analysis of x-ray patterns of extracted precipitates gives some explanation about the 
phase changes which occur during aging. These results are also summarized in Table II. 
During aging for one hour at 1200°C the £ -carbide phase has almost disappeared. Simulta­
neously another cubic phase has appeared with a lattice parameter of approximately 
a = 4.34 A. The columbium-rich oxicarbide phase with a lattice parameter of a = 4.39 A is, 
however, still present. The new cubic phase maybe identified as the titanium-rich MC-phase, 
since after aging for 16 hours at 1200°C only this phase is prest:mt which, therefore, is the 
stable precipitate phase in this temperature region. The observed broadening of the inter­
ference lines for the MC-phase gives a further lndication that this phase exists in very fine 
particle size and therefore corresponds to the fine precipitation which is observed in Figure 8. 

These results show that the E -phase is less stable in the temperature region around 
1200°c than the cubic, columbium-rich oxicarbide which dissolves only after prolonged aging 
at these temperatures. 

An explanation for the age-hardening peak at 450°C of oll-que 1ched samples cannot be given 
with certainty. The microstructure as well as the x-ray results do not indicate any changes 
which could be related with this anomaly. A more precise analysis of the Debye-Scherrer 
patterns of these quenched and aged samples was not possible because of some small varia­
tions in the amounts of the precipitate phases from sample to sample. Such variation in the 
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precipitate phases may have been caused by minute differences of the quenching conditions 
within the samples since, as pointed out earlier, the quenching rate is quite critical. An 
analogous but more pronounced age-hardening peak was also found in quenched samples of 
the ~Uoy D-43, as will be shown in Chapter 4.2.3. The investigation of micr0structure and pre­
cipi .Ate phases in the alloy D-43 suggests that the age-hardening peak is related to precipitation 
or transformation of one of the columbium carbides . 

The further observation in Figure 8, i.e., the precipitate-free zones in the neighborhood 
of the needle-like precipitates and the grain boundaries, de erves fur ' "ler dL cussion. 
The fine, dispersed MC-precipitate in the regions between the needle-like columbhun carbides 
suggests a relatively homogeneous nucleation. lf this precipitation of the ~"' C-phase is 
exclusively caused by dissolution of the columblum carbides, the precipitate-free zones in 
the neighborhood of the coarse columbium carbides cannot be explained. Or ~ would rather 
expect that the MC-precipitate occurs at or near the dissolving columbium 1.. arbides, since 
the carbon content is many times overcompensated by the titanium content. From the existence 
of the precipitation-free zones one has to conclude that nucleation and growth of the fine, 
homogeneously distributed MC-phase occurred at the same time as did the precipitation of 
the Cb-carbides, i.e., during cooling from the temperature region of solid solution. After 
solution annealing, the titanium-rich MC-phase must be present in a state, in which it cannot 
be identified by the methods of phase extraction or by electron microscopy of surface replica. It 
is therefore not surprising that in this state the MC-phase has a strong hardening effect and 
causes the hardness of the solution annealed samples (see Chapter 4.1.2 and Figure 5). As 
soon as the MC-precipitates can be identified in the microstructure by aging in the temperature 
region between 1000° and 1300°C, considerable coagulation has already occurred causing a 
decrease of hardness. 

This interpretation blames the high hardness of the solution annealed D-31 samples on the 
titanium content. Since nucleation and growth kinetics of the non-isothermally formed 
MC-phase depend on the titanium concentration of the !llloy, a smaller titanium content should 
result in lower hardness after solution annealing. 

A small alloy button ofthecompositionCb-10%Mo-1%Ti-0.1%Cwas prepared*) and hardness 
measurements were conducted on sections of this button after one-hour anneals at various 
temperatures between 1200° and 1900°C. Figure 9 shows the measured hardness values along 
with those of the alloy D-31. The hardness of the experimental alloy is equal to the hardness 
of the soft-annealed alloy D-31 and remains approximately constant after various heat 
treatments. 

With this supporting evidence the results of this test series may be summarized briefly as 
follows. The high titanium concentration of alloy D-31 permits precipitation of the stable 
MC-phase simultaneously with the formation of unstable columbium carbides during rapid 
cooling from the temperature region of c- olid solution. The non-isothermally formed MC-phase 
is stable up to approximately 900°C and coagulates upon aging at higher temperatures. The 
hardness increase after solution annealing is caused by this MC-phase. The unstable columbium 
carbides were observed to dissolve in favor of the formation of isothermal MC-phase at 1200° 
and 1300°C. Of the unstable columbium carbides the €-carbide is less "stable" than the cubic 
oxicarbide. The one-hour aging tests did not give any certain indication of age-hardening 
effects from the precipitation of isothermal MC-phase. An age-hardening phenomenon, however, 
was observed for oil-quenched samples in the temperature range around 450°C. The reason 
for the age-hardening peak was not ascertained but may involve the precipitation or trans­
formation of an unstable columbium-rich carbide. 

*)The alloy button was melted in a water-ccoled copper crucible under argon at the University 
of Dayton, Research Institute. Carbon was added in form of CbC. 
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4.1.4 Effect of Oxygen on Carbide Pr cipitation 

The previous ly described results do not give any indication for the presence of metallic 
oxides in alloy D-31, although th oxygen content was strongly increased during some 
annealing treatments (s Tabl l). On the other hand, for the interpretation of the phase 
analysis th as umption wa fr qu ntly mad that oxygen participated in th formation of 
carbid s. The monocarbide CbC aud TiC form a complete seri of solid solutions (Ref­
erence 26). That th ame olubility xists also for oxicarbides cannot be assumed with 
c rtainty since th columbium oxid bO is known to have an ordered defect structure (Ref-

rence 29). It was th r for n ces ary to obtain some further information in proof of the 
previous assumption 

For this purpo e experiments w r conducted in the following way: A sample of the as­
ceived loy -31 w~s chargect w·th O" yg n~t 900°C t.o a level of 0.08 perce!lt. After various 

h t tr atm nts th precipitates w r extracted from the sample and analysed by the x-ray 
powder m thod. Th resu lts ar summarized in Table III. 

Aft r annealing for 16 hours at 1200°C, two precipitates with NaCl-type lattice tructure 
w re determined. he minor phase had a lattice parameter equal to that of the precipitate 
phase in the as-received condition (a = 4. 322 A) and is therefore identical with (Ti, Cb) 
( ,O,N). The major precipitate phase with a lattice parameter of a = 4.292 A must be caused 
by the added oxygen. However, this precipitate cannot be a pure oxide since the lattice 
parameter is larger than that of both metallic oxides TiO (a = 4.177 A) and CbO (a = 4.21 .&.). 
It is assum d that this major precipitate phase is an oxicarbide of the metals columbium 
and titanium. To determine whether phase equilibrium was achieved after 16 hours at 1200° , 
th sample was annealed for additional 10 hours at 1300°C. After this heat treatment, only 
on precipitate phas was identified. The lattice parameter of this single phase is a = 4.300 A 
which is smaller than that of the precipitate in the as-received condition and larger than the 
lattice para t r of the second strong phase after the previous annealing treatment at 
1200 . Th se r sults show conclusively that the lattke parameter of the stable MC-precipi­
tate in the alloy D-31 is decreased by the higher oxygen content. It is evident that oxygen is 
soluble in th Ti-rich monocarbide to a considerable extent. Since no chemical analysis was 
made, it cannot be tat d whether the ratio of titanium to columbium in the MC-phase was 
changed by th high r oxygen conce tration. 

An important cons quence of th se test res ults is that no metallic oxide is formed in the 
alloy D-31 under the gi v n ci rcumst, nces but only an oxicarbide. This means that the oxi­
carbide is th rmodynamically more stable than the carbide and oxide , r espectively. Chapter 
4 . 2.4 will show that this is not the c se in the zirconium-containing alloy D-43. 

A second part of the oxygen-rich sample was solution annealed for one hour at 1700°C and 
fast cooled in order to determine the effect of oxygen on the precipitates which form during 
cooling. Table III shows that after solution annealing the oxygen-rich sample, the E-carbide 
was the major precipitate phase. The lattice parameter of the cubic oxicarbide phase of 
a = 4.39 A was somewhat lower than that of the same phase in the oxygen-low sample, which 
may be interpreted in terms of a larger O/C ratio. The smaller volume ratio of oxicarbide 
to E -phase in the oxygen-rich sample than in the oxygen-low sample can be explained on the 
basis that the cubic oxicarbide is formed during cooling in a higher temperature region than 
the E -phase and that a stronger decarburization occurred during solution annealing of the 
oxygen•rich sample. Chemical analysis of a sample with initially 0.052 percent oxygen showed 
a carbon concentration of only 0.045 percent and an oxygen concentration of 0.028 percent 
after solution annealing for lhr/l 700°C/FC. Compared to the as-received sample (see 
Table I) this constitutes a further loss of carbon by 0. 02 percent. 
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Chapt r 4.1. 3 hows that th titanium-rich M -pha pr cipi tat s during cooling aft r 
solution ann aling which caus s a larg hardn ss incr ase. inc th M -pha in thi c s 
cannot be d t ct d by metallographic nor by phas extraction m thods, th r ults m ntion d 
b for do not giv ny information about th rol of oxyg ninth · phas . Th d t s ummariz d 
in Tabl I al o do not indicat a s impl d p nd nc of ha rdn . aft r oluti n nn aling on 
th original oxyg n content of 0-31 ampl , although th hardn ss valu of oxygen-rich 
sampl a r g n rally high r than of as-r cei v d and olution ann a l d sampl 

·i.2 L MBI M LLOY 0-43 (C b-10%W-1%Zr-0.1%C) 

4. 2.1 Precipitates in th A -Rec ived Condition 

s i8 8huwn by the proces ing history, h pt r 2. 2, th a lloy s h t D-43 was c1im al d Lr 
10 minut s at 1650° befor the last cold rolling reduction and finaliy ann l d for 1hr t 
1425 in vacuum. Th microstructur , Figur 10a, indicat s a lmo t compl t r crystalliza-
tion. umerous precipitates ar observ d at grain bound ri nd in th grain int rior; th 
majority of particles app ar to be globular, oth rs have n di or plat l t form . 

The results of x-ray structur analy is of precipitates in th a -r c iv d condition are 
summarized in Tabl Ther appear to be three differ nt kinds of pr cipitates; the major 
phase has NaCl-typ lattic with a = 4.51 A; from th two m dium trong phases one has 
also a cubic lattic wHh a = 4.60 .&. , th other is hexagonal. The D by - ch rr r film shows 
a continuous darkening between two diffracted lin s corresponding to identical index planes 
of the two cubic pha es. This indicates th existenc of numerou precipitat s with NaCl-type 
lattice and lattic paramet rs between 4. 60 and 4. 51 .8.. It mu t b a urned that one of the 
cubic precipitates is not in equilibrium with the oth r cubic phas and ha most likely formed 
during one of th previou heat treatments. Furth r vid nc sh w that th two cubic pha es 
form a contim .. ou seri of solid solutions with each other. 

Because of the number of precipitate phases, a dir ct chemic 1 analysi of the precipitates 
is not meaningful and it is only possible to stimat th composition of th three precipitat 
phases by comparison of the lattice tructur s and paramet r s. Th h xagona l pha e is mo. t 
certainly identified as Cb2 , since the x-ray diffraction patte rns of both compound ~ are almost 

identical. The small deviation of cell size may be caused by the solution of other alloying 
elements like tungst n and zirconium. 

Sine both the oxygen and nitrogen content of a lloy 0-43 are very low (s e Chapter 2. 2), it 
is safe to assum th two cubic phases to b mix d carbid s of ess ntially columbium and 
zirconium. Chang (Reference 16) found a precipitate phase with a= 4. 60 A in the columbium 
alloy F-48, which was zirconium-rich and contained columbium. Assuming that only traces 
of oxygen and nitrogen ar present, the ratio of zirconium to columbium can be calcuhtted 
from the data of Norton and Mowry (Reference 30) to be at least 2/1 for the carbide with 
a = 4.60 .&.. This ratio is in very good agreement with results of chemical analysis reported by 
Chang. Chapter 4.2.4 will show that in th presence of oxygen in the alloy 0-43 the Zr-rich 
MC-phase is not stable, which means that it has only a low solubility of oxygen. It seems 
justifiable, therefore, to identifythiscubicphase(witha = 4.60 A) as zirconium-rich (Zr,Cb)C. 

In analogy a conclusion is drawn that the major cubic precipitate with a = 4. 51 .8. is most 
probably a columbium-rich monocarbide (Cb,Zr)C. The above cited data of Norton and Mowry 
give a ratio of Zr /Cb = 1/3 for a lattice parameter of a = 4. 51 .&.. The results reported in 
Chapters 4.2.2 and4.2.3indicateadependenceofthe Zr/Cb ratio on annealing temperature; the 
ratio decreases with increasing annealing temperature. 
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4. 2. 2 olution Annealing 

This chapter describes the phase changes occurring in alloy D-43 during annealing treat­
ments at temperatures at and above 1400°C. It will become evident that the cubic MC-phase 
is the stable precipitate in alloy 0-43 (as it is for alloy 0-31) although the concentration of 
zirconium is only one atomic percent (against 17 at. -% Ti in alloy 0-31). The low zirconium 
content of alloy 0-43 has a bearing on the precipitates occurring after solutioning of the 
MC-phase, but it will become apparent that the general precipitation behaviour of alloy 
0-43 is very s imilar to that of alloy 0-31 with regard to carbide phases. 

First, it is necessary to establish which of the precipitates observed in the as-received 
condition is the stable phase. Further annealing at 1400°C, the temperature of the final 
annealing treatment during processing (see Chapter 2.2) results in a steady increase of the 
zirconium-rich (Zr,Cb)C, which seems to grow predominantly on the expense of the hexagonal 
C~C phase (see Table V). Phase equilibrium is not achieved after additional 16 hours at 
1400°C, but longer annealing at 1400°C is not advisable since the x-ray powder data show 
the formation of zirconium oxide after the 16 hour anneal. The formation of zr02 is caused 

by increased contamination and disturbs the phase equilibrium. Nevertheless, the annealing 
experiments at 1400°C indicate that the zirconium-rich monocarbide (Zr,Cb)C with a lattice 
parameter of a = 4.60 A is the stable equilibrium precipitate phase. Table V shows that the 
zirconium-rich MC-phase dissolves increasingly upon annealing at temperatures abov•~ 
1400°C. fter annealing lhr/1600°C/ FC the (Zr,Cb)C is present only in weak amounts and 
disappe rs completely after annealing lhr/1650°C/OQ. 

The columbium-rlch carbide (Cb, Zr)C, however, does not appear to be affected by these 
annealing treatments. Since CbC and Z rC form a complete series of solid solutions and since 
the zircon·.um-rich (Zr,Cb)C is stable at 1400°C and dissolves above this temperature, one 
is led to conclude that the columbium-rich (Cb,Zr)C has formed during the 1650°C annealing 
treatment in the fabrication process (see Chapter 2. 2). This implies that the ratio Zr/Cb of 
the monocarbide is temperature dependent, a phenomenon which is more clearly shown by 
aging experiments in Chapter 4.2.3. 

With increasing dissolution of the MC-phase the Oebye-Scherrer films show growing 
amounts of Cb2C and E -carbide. When the MC-phase dissolves completely at temperatures 

above 1650°C, only Cb2C and E -carbide are observed. During investigations of the columbium 

alloy F-48 Chang (Reference 16) made similar observations and assumed that the Cb
2

c was 

stable between 1650° 2000°c. 

Numerous attempts were made to quench samples of alloy D-43 after annealing at high 
temperatures in an oiJ bath to prevent the formation of precipitation during cooling. This 
me hod, which pl'oved helpful in determining the temperature region of solid solution for 
alloy 0-31, failed to give similar direct evidence for alloy D-43. However, a number of 
observations yields enough evidence to conclude that Cb2C and E-carbide are oot equilibrium 

phases in alloy 0-43 but have formed during cooling from high temperatures. 

If the columbhnn carbides have for1:1ed during cooling, large differences in cooling rate 
would certainly influence the type and amount of precipitates. In addition to quenching in 
oil three slower cooling rates were employed after annealing at 1900°C which are plotted in 
Flgure 2. The phase analysis from Debye-Scherrer patterns of precipitates from differently 
cooled samples is summarized in Table V. With regard to Cb2c and E -carbide it is seen that 

the relative amount of Cb2c increases with a decreasing cooling rate, the E-carbide behaving 

inversely. The only regular interpretation of this behaviour is that both carbides, E and 
cb

2
c, have precipitated during cooling and that the Cb2C precipitates in a somewhat higher 

temperatur e region than the E -carbide. 
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For one-hour annealing treatments at 1800°, 1900°, and 2000°C with identical cooling 
rates (FC) the data of Table V show a slight decrease of the relative amount of Cb2C with 
increasing annealing temperature. This diminution of Cb2C phase points toward a change in 
chemical composition unless the above arguments are incorrect. From chemical analysis of 
solution annealed samples (see Table VI) it is evident that decarburization ccurs at high 
temperatures in conventional vacuum annealing furnaces, as was shown earlier for alloy D-31. 
The low oxygen content after solution annealing is surprising, since analogous experiments 
with alloy D-31 resulted in a rather large increase of oxygen ooncentration (compare Table I). 

Changes of microstructure after annealing alloy D-43 at various high temperatures are 
illustrated in Figure 10. A comparison of Figures 10b and 10a and the respective data in 
Table V suggests that the increased platelet-like precipitate phase after annealing lhr/1600°C/ 
FC is identical with Cb2C. After lhr/1700°C/FC only platelet-like precipitates appear in the 
microstructure, see Figure 10c. Except for the large grain growth and increased platelet 
size no essential microstructural changes can be observed after annealing at still higher 
temperatures. The platelet form of the precipitate phase is shown by the overetched micro­
structure of Figure 10d. Figure 11 illustrates the effect of cooling rate on the microstructure 
after annealing at 1900°C. There is no great difference between fast (FC) and slow-cooled (SC) 
samples, Figures lla and b; but the very slow-cooled (VSC) sample, Figure llc, shows quite 
a different distribution and size of precipitates. A close observation also reveals an apparent 
increase of thickness of the grain boundary precipitate with decreasing cooling rate. After 
oil-quenching from 1900°C an additional fine, dispersed precipitate can be observed in the 
spaces between the platelets. The precipitate-free surrounding of the coarse particles 
suggests that the fine dispersion has formed in the same or in a somewhat lower temperature 
region than the coarse platelets. Chapter 4.2.3 will show that the dispersed phase has a much 
lower thermal stability than the coarse one. The data in Table V shows that a small amount 
of CbC was determined beside Cb2C and E-carbide only after quenching from the temperature 
range of solid solution. Therefore, the CbC phase appears to be identical with the fin disper­
sion in Figure lld. 

Figure 12 is a plot of grain size versus annealing temperature for one-hour anneals. The 
sudden grain growth between 1600° and l 700°C is noteworthy, because this temperature 
coincides with that for solution of the MC-phase. Referring again to Figures 10 and 11, anotrer 
point of interest is the obvious orientation relationship between grain matrix and precipitate. 
The platelet-like precipitate phase, therefore, can have formed only at the end of grain growth. 
These phenomena, i.e. grain growth, precipitate-matrix orientation relationship, and also 
the results of x-ray phase analysis, give sufficient evidence that complete soLd solution is 
achieved in alloy D-43 at temperatures at and above l 700°C, The large p:atelet size of 
Cb2C and , -carbide in fast cooled and quenched samples illustrates impressively the rate 
of carbide precipitation in this alloy. 

Hardness values of alloy D-43 are plotted in Figure 13 for various annealing treatments. 
Recovery from cold work is characterized by the hardness decrease after one-hour anneals 
between 1000° and 1300°C. A hardness increase is oot observed after solution annealing alloy 
D-43, which is in contrast to alloy D-31 but confirms the effect of low ooncentrations of 
MC-phase-forming elements like Ti or Zr (see Chapters 4.1.2 and 4.1.3). The platelet-like 
precipitates have no essential influence on the hardness of alloy D-43. 

4.2.3 Aging Reactions. 

The high rate of precipitation of Cb2C, ~-carbide, and CbC seems to make a carbon 
supersaturation in alloy D-43 impossible with the experimental procedures used and gen­
erally very difficult for large samples. The columbium carbides, on the other hand, are oot 
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stable with respect to the zir onium-rich MC-phase, so that aging reactions are expected to 
occur upon heating such amples below the solid-solution temperature range. To study the 
aging reactions samples were solution annealed lhr/1900°C. One batch of samples was oil­
quenched (0 ), the oth r wa fa t cooled (FC), (see Figure 2). 

The average hardne s value after one-hour aging at temperatures between 250° and 1300°C 
a1 plotted in Figure 14. Quenched samples show a pronounced age-hardening peak at 400°C. 

lnce fast-cooled samples do not how this anomaly, the hardness peak cannot be caused by 
contamination or internal oxidation during aging.*) Above 700°C the hardnes curves for both, 
fa t- ooled and quenched amples maintain a l elatively co, tant level. It is assumed that the 
hardness data above 800°C show some influence of contamination during aging. A pronounced 
age-h_rdenin peak does not occur in this temperature region. 

The experimental results do not give conclusive evidence about the mechanism responsible 
for the age-hardening peak at 00°C. After solution annealing and quenching the microstructure 
showed a fine, dispersed precipitate (Figure lld) wh'ch was identified as CbC and does not 
oc ur in solution annealed, fast-cooled samples (Figure lla). This dispersion has coarsened 
slightly duringagingat624°C,asisshownby Figure 15 a. The CbC-precipitate phase, however, 
cannot be detected after thi. aging treatment in x-ray powder patterns. The dispersion in 
Figure 15a, therefore, iR no longer CbC, but most likely E -carbide. Aging of quenched samples 
at temper11tures above 800°C results in an almost complete disappearance of the dispersed 
phase, as is illu trated by Figure 15b. In summary, it seems to be safe to attribute the one­
hour age-hardening peak at 400°C of solution annealed and quenched samples to a precipitation 
or transformation reaction of columbium carbides, although the precise mechanism eludes 
further analysis . 

Precipitation of stable, zirconium-rich MC-phase was first detected after aging at tem­
peratures above 1l00°C. The MC-phase can be observed easily in the microstructure due to 
its comparatively small size and apparently different morphology (see Figure 16). An 
orientation dependence of etching response is evident from Figure 16b. Based on metallo­
graphic observation the time-temperature dependence of MC-phase precipitation was deter­
mined for both batches of amples (i.e. quenched and fast-cooled). The results are plotted 
in Figures 17a and 17b. The boundary curves represent approximately 5 percent and 95 percent 
MC-phase precipitation. compariso of both figures reveals a retardation of MC-precipitation 
in fast-cooled samples relative to quenched samples. The rate of MC-precipitation is fastest 
at approximately 1400°C and seems to decrease at higher temperatures giving the boundary 
limits a C-profile . X-ray diffraction analysis of extracted precipitates supported the metal­
lographic observ tions that the MC-precipitation is l'etarded above 1.400°C. 

Roche (Reference 31) found reduced ten ile ductil"ty in D-43 alloy samples, which were 
solution annealed and slowly cooled, corresponding to cooling curve SC in Figure 2. The 
du tility w improved by aging these samples at temperatures between 980° and 1425°C. 
The time-temperature data for the beginning of ductility improvement from Roche' s work 
are plotted a dotted lines in Figures 17a and b, and coincide approximately with the beginning 
of MC-phase precipitation. This coincidence suggests strongly that the observed restoration 
of tensile ductility is caused by di olution of Cb2C and ~-carbide. Both columbium carbides 

were previously shown (see Chapter 4.2.2) to precipitate at grain boundaries as well as in 
the grain interior during cooling after solution annealing and seem to be responsible for the 
embrittlement ob erved by Roche. The grain boundary film, which may be the very source of 
embrittlem nt, is seen in Figure 16b to break up during aging. 

*) Relatively imple dilatometric measurements have also indicated microstructural in­
stability of EB-m lted C-containing Cb- Boys in the temperatur region between 250° and 
500°C (Ref r nc 34). 
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An interesting phase transformation occur during aging, which is not detected by metallo­
graphic observations. Th lattice structure of the E -carbide was observed to undergo changes 
during aging at temperatures above 800°C. inc the lattice structure is not known, these 
changes cannot be describ d in physical d tails but only by comparison of the diffraction data, 
which are summarized in Table Vil. The last column of Tabl II r epr- sents th diffraction 
data for Cb2C from th work of Elliott ( Ref r nc 2). Following th obs rved ct-values of 

individual reflections during the various stages of aging, it becomes apparent that a number 
of d-values of the transformed E -carbide corr sponds with those of Cb2C. Other lattice 

spacings of Cb2C, notably those for which th 1-index is an odd integer, e.g. (10.1), (10.3), 

(10.5), (20.3), (21.1), and (21.3), seem to be split up in the transformedE -carbide, which is 
indicated by the symbols between the last two columns. It is assumed that the E -phase is 
being transformed upon aging into Cb2C. The transformation cannot be followed to completion, 

since the columbium carbides dissolve in favor of MC-precipitation. 

A characteristic behavior of the MC-ph, se in alloy D-43 can be observed in the x-ray 
analysis of precipitates in aged samples. The lattice parameter of the cubic monocarbide 
(Zr,Cb)C depends upon the aging temperature, which is shown by the data in Table Ill 
and was already pointed out in the discussion of Chapters 4. 2.1 and 4. 2. 2. The decreasing 
lattice parameter with increasing aging temperature is not caused by oxygen solution (as 
was found for the titanium-rich MC-phase of alloy D-31), a statement which will be justified 
in Chapter 4. 2. 4. Th only explanation of this phenomenon is the substitution of zirconium 
by columbium. Assuming that tungsten does not take part in this process, the ratio of 
Zr/Cb can be approximately calculated from the observed lattice parameters using the 
data of Norton and Mowry (Reference 30). The Zr/Cb values are maximum values, since 
the data of Norton ~.nd Mowry refer to almost stoichiometric compositions of the mixed 
carbide (Zr,Cb)C, and stoichiometry will most probably not be achieved for precipitates in 
columbium alloys. The dependence of the Zr/Cb ratio on temperature above 1200"C is an 
indication of increased instability of the MC-precipitate, so that precipitation-hardening seems 
to be little effective above 1200°c. 

4. 2. 4 Internal Oxidation 

Metallic oxide phases are not present in columbiurn alloy D-31 due to the large solubility of 
the titanium-rich MC-phase for oxygen. After solution annealing columbium alloy F-48 
Chang (Reference 16) found monoclinic zr02 precipitation wl:ich seemed to dissolve upon 

aging at 1370°C in favor of (Zr,Cb)C formation. No explanation was given for the state of 
oxygen in alloy F-48 after dissolution of zr02. Alloy D-43 has a composition similar to alloy 

F-48 but smaller concentrations of oxygen and nitrogen. An indication of zr02 formation was 

previously observed t:. .JOn prolonged heating alloy D-43 at 1400°C, (see Chapter 4. 2. 2) which 
apparently resulted from contamination during annealing. The discrepancy of experimental 
resultsmakesitdesirable to studythebehaviorof oxygen in alloy 0-43 during heat treatments. 
For this purpose samples of as-received alloy D-43 were charged with oxygen at 900 ''C, 
heat treated at various times and temperatures, and dissolved in the bromine-metham'.>l­
tartaric-acid solution for the determination of precipitate phases. The results are stim­
marized in Table IX. 

A D-43 sample with 0.14 percent oxygen was annealed for two hours at 1000°C. Compared 
to the as-received condition the following ph1se changes are observed (see Table IX). 'fhe 
columbium-rich MC-phase with a = 4,.51 A is still present in the same amount, but the 
zirconium-rich MC-phase with a = 4.60 A has completely disappeared. The amount of Cb2C 
has grown and, in addition, zr0

2 
precipitation was detected. 

Another sample with 0.026 percent was annealed for 16 hrs at 1400°C. The phase deter­
mination results for this sample may be compared to those for a non-contaminated sample 
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with the same hi,1t.t treatment (see Table V).The amount of the zirconium-rich MC-phase 
with a = 4.60 A remained unaltered, yet the oolwnbium-rich modification (Cb,Zr)C has dis­
appeared. The amount of Cb2C precipitate is slightly increased and ZrO2 has formed in 
addition. 

These results indicate that the MC-phase in alloy D-43 ooes oot dissolve any mea~urable 
amounts of oxygen, since the lattice parameters did oot change during the annealing treatments. 
The increased Cb

2
C precipitation in both samples was made possible by the dissolution of one 

of the two monocarbide phases. The Zro2 phase has accordingly formed on the expense of the 
monocarbides. Therefore it is evident that the Zro2 phase is more stable than the mixed mono­

carbides in the temperature region between 1000° r1d 1400°C. At 1400°C the oohnnbium-rich 
monocarbide (Cb,Zr)C was previously found to transform slowly into (Zr,Cb)C (see Chapter 
4.2.2). In the presence of oxygen the rate of dissolution of (Cb,Zr)C becomes considerably 
faster. It is believed that the high affinity of zirconium for oxygen is responsible also for the 
preferred dissolution of the zirconium-rich (Zr,Cb)C at 1000°C, even though it is slightly 
more si.uble than the columbium-rich (Cb,Zr)C. 

Annealing of oxygen-rich samples at 1900°C/FC does oot produce any indication for Zro2 
precipitation (see Table IX), but oxygen appears to decrease the amount of Cb2C relative to 
the f-carbide. To guard against erroneous interpretation, the carbon and oxygen contents were 
analyzed• in a sample which was charged with oxygen up to a level of 0,057 percent prior to 
annealing for lhr/1900°C/FC: 

carbon 

oxygen 

0.0328% 

0.0016%. 

Compared to the analysis of an as-received l}-43 sample with the same heat treatment (see 
Table VI, Furnace A) a to.tal loss of the additional oxygen occurred together with a loss of 
carbon of almost the same magnitude. 

From these results one can derive some important information about the origin and compo­
sition of the f -phase. The data in Table IX show that after annealing oxygen-rich samples at 
1900°C/FC the f-phase is the only precipitate present. Since this is a consequence of the lower 
carbon content at the end of the annealing treatment, obviously the E-phase must have precip­
itated in a lower wmperature region than the Cb2C during cooling. It is also evident that the 
E-phase is primarily a carbide and oot an oxicarbide. 

To conclude this chapter on internal oxidation of the oolumbium carbide D-43 an interesting 
observation shall be described which is deemed pertinent to any heat treatment of zirconium­
bearing columbium alloys. It was suspected from the results of aging experiments in "medium'' 
vacuum, as shown by Figure 1, that alloy D-43 in solution annealed condition is particularly 
sensitive to contamination effe ts on hardness. 

To study this phenomeoon more closely, a series of experiments was conducted in the fol-
lowing way: Samples of alloy D-43 were investigated in four different heat treated oonditioM: 

1. as-received 

2. as-received + lhr/1400°C 

3. solution annealed lhr/1900°C/quenched 

4. solution annealed lhr/1900°C/fast-cooled. 

• by Ledoux & Co. 
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The samples were ground, polished, and carefully cleaned. After annealing the samples for 
-7 1 hr at 1000°c in high vacuum (5 x 10 Torr) hardness and weight were measured . Oxygen 

was leaked into a closed, evacuated system containing the samples until a pressure of 
-3 approximately 25 x 10 Torr was obtained. The glass system was then heated to 900 °C . The 

abso -ption of oxygen by the samples was monitored by a thermocouple gage which showed a 
-3 pressure drop to less than 1 x 10 Torr in about 10 minutes. To obtain variations In the 

amount of absorbed oxygen either the number of samples was varied or the contamination 
process was repeated. The contaminated samples were subsequently homogenized by anneal­
ing for 2 hrs. at 1000°C in high vacuun . The amount of absorbed oxygen was determined for 
each sample by weight measurements. 

The hardness of the contaminated and homogenized samples is plotted versus absorbed 
oxygen content in Figure 18. There is a distinct difference between the hardness curves for 
solution annealed and soft-annealed samples. The solution annealed samples show a steep 
hardness increase up to an oxygen level of about 0.02 percent; above this concentration the 
hardness increases more slowly. The hardness of the soft-annealed samples increases 
continuously but much less pronounced. This hardness effect is not a surface phenomenon, since 
cross-sectional har dness was identical to that determined by surface measurements. 

It was previously described that when oxygen-rich, as-received D-43 samples were annealed 
at 1000°c (see Table IX), the zirconium-rich MC-phase (Zr,Cb)C was decomposed and zr02 
and Cb

2
C precipitated. Since zr0

2 
is shown to be stable at 1000°C, it should also be present 

in solution annealed and contaminated samples. X-ray analysis of extracted residues from 
such samples, however, did not reveal the presence of zr0

2 
precipitates. 

The following interpretation is offered as explanation for the observed facts. In solution 
annealed samples, carbon exists in the form of Cb

2
C, E -carbide, and CbC, and zirconium 

is in homogeneous solid solution. Oxygencontaminationofsuch a sample leads to precipitation 
of homogeneously distributed and extremely fine zr02 particles which cause the observed 

strong hardening effect atl000°C. In the soft-annealed D-43 alloy samples, however, zirconium 
is not in homogeneous solid solution but exists in form of the stable MC-phase (Zr,Cb)C. 
When the precipitates are decomposed and ZrO

2 
is formed, it will exist as relatively large 

particles, since the diffusion rate ofzirconium in D-43 should be relatively lbw at 1000°C. The 
non-homogeneous distribution and relatively 'large particle size of Z r02 will not exert a 

large effect on hardness. The f . ..1.ct that zr02 was found in as -received, contaminated D-43 

samples but not in solution annealed, contaminated samples may be explained by the ex­
tremely s-nall size of the zr02 precipitates in the latter samples, which elude detection by 
the experimental methods involved. A similar limit of detection was evident for the non­
isothermally formed, homogeneous MC-phase in alloy D-31, as was described in Chapter 4.1.3. 

4.3 THE E -PHASE 

After solution annealing a precipitate phase was found in both columbium alloys D-31 and 
D-43 which was designated as E -phase. Since little attention has been given to this precipitate 
phase it is worthwhile to summarize the observations made during this investigation and 
further characterize its composition. 

For E -precipitates from quenched samples of both alloys the position and intensities of 
interference lines were identical. It is therefore assumed that the metallic alloying elements 
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W, Mo, Ti, and Zr are not of major importance for the formation of this phase. It was 
observ d, how v r, that the interference line posit ions of the E -phase in alloy D-31 we re 
slightly shifted when the co ling rate , 1s decreased aft.er solution annealing. The reason 
for this l in hift may be th high lloying element concentrations of titanium and molybdenum 
in alloy 0-31 which become more influential on the lattice structure at lower cooling rates. 
The dependence of line position on cooling rate was much less for the E -phase in alloy D-43. 
For simplic ity the following discussion is primarily concerned with the E -phase in al loy D-43. 

The • -phase precipitates from solid solution in a lower temperature range than the hexagonal 
Cb2C (alloy D-43) or the cubic (Cb, Ti)C (alloy D-31). ince the precipitation reaction is 

extremely fast, it is difficult to determine the exact temperature range in which formation 
of E occurs preferably. The experimental results of annealing tests with alloy D-·31 suggest 
that E-precipitatlon is possible below 1400°C (see Chapter 4.1.2). The preferable formation of 
E -ph se in this lower temperature region explains why faster cooling rates (i.e . higher 
degrees of supersaturatior.) promote f-precipitation (see Chapter 4.2.2) and why E-phase is 
the only precipitate found in fast-cooled (FC) D-43 samples with low carbon content (see 
Chapter 4.2.4). 

The E-phase was seen to transform during aging at temperatures around l000°C into a phase: 
with a lattice structure resembli g that of Cb2C (see Chapter 4.2.3, Table VII). Although it 

was not observed due to decomposition of Cb
2

C and formation of (Zr,Cb)C, it is believed th t 

E -carbide can transform completely in~o Cb
2

C with a concomitant change in composition. 

The E-carbtde is therefore not as stable as Cb2C even in the temperature range in which 

the E -phase is believed to precipitate. This behavior suggests that the lattice structure 
of E-carbide is more easily formed from carbon-enriched matrix cbmains (e.g. by means of 
simple shear movements and/ or by higher degrees of coherency) than the hexagonal Cb

2
C 

structure. In the microstructure the E -phase appears in form of thin platelets which are 
arranged in a type of Widmanstatt.en structure (see e.g. Figures 10c and lla). 

As mentioned before, it was possible to prepare samples of alloy D-43 which contained 
only £-precipitates. The E -phase of a sample, which had a carbon content of 0.0328 percent 
and an oxygen content of 0.0016 percent (see Chapter 4.2.4), was extracted and chemically 
annly zed: •) 

columbium 75% 3% 

tungsten 6.7% 

zirconium 0.90% 

carbon 6.839f 

oxygen 5.90% 

The high oxygen concentration of the precipitates disagrees with the chemical analysis of the 
bulk sample, for which the oxygen content was only 1/20 times the carbon content. It must be 
assumed that the extracted precipi ates were enriched with oxygen by the extraction process. 
A similar result was reported by Chang (Reference 16) for analyses of precipitates extracted 
from columbium and molybdenum alloys. If the oxygen concentration is neglected, the composi­
tion of the t-phase can be given as: 

(Cb0.95 W 0.04 Zr O.Ol)C0.67 

•) by Ledoux & Co. 
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This compo ition corresponds to a stoichiometry of about Cb3C2. 

The lattice tructure of this oolumbiu.m carbide is oot known. The x-ray diffraction patt.ern 
of th E -carbide is given by the data in Table X and is illus trated by Figure 19. The diffrac­
uon patt.er11 of Cb

2
C and CbC are also shown in Figure 19 for comparison. 

Investigating the carbide phases of colu.mbium lesser and Brauer (Reference 32) found a 
persi t.ent diffraction line with a value of d = 2.28 /{ samples of the two-phase region Cb

2
C · 

CbC. They concluded that this line was produced by a third columbium carbide phase, which 
was called ! , after they were able to isolate a similar ( -carbide in the Ta-C system (Ref­
erence 33). The lattice structure of the ! -tantalum carbide was not wtermired, but the 
chemical analysis gave a compositio'1 very close to the stoichiometric composition of Ta3c

2
• 

This composition seems to agree with that of the f-carbide and there is a close similarity 
in the diffraction patterns which at'e reproducr.::d in Figure 20. 

Beside Cb
2

C and CbC Pochon et al. (Reference 1) report also another columbium carbide 

which they called 8 -CbC. This ca biJe was found as precipitate in oolumbium-carbon alloys 
with less than 0.15% and presumably formed during cooling. The 8 -CbC appeared in the 
microstructure as needles arranged in a Wic:!manstatten pattern. Chemical analysis of the 
extracted precipitate gave a composition corresponding to CbC

0
• 976, which is close to the 

stoichiometry of CbC. The diffraction pattern of 8 -CbC is oot produced by a rubic (NaCl­
type) lattice but was tentatively described as !ace-centered tetragonal. fuwever, a com­
parison of the few reported diffraction data of 8 -CbC with the diffraction pattern of the 
f -carbide suggests that both precipitates have very similar lattice structures which cannot 
be described as f.c. tetragonal. 

25 



A FM L-TR- 66-259 

SECTION V 

SUMMARY AND CONCLUSIONS 

lution and pc cipitation r actions w re studied in the two commercial columbium alloys 
0-31 and D-43. Th investigation yielded the following results and conclusions. 

Ann aling columbium alloys in conventional vacuum furnaces usually brings about a change 
In compo itlon by contamination as well as by purification. These compositional changes may 
hav a pronounc d effect on the precipitation reactions and can be misleading in the inter­
pretation of annealing results. Annealing alloys 0-31 and 0-43 in the temperature region of 
olid olution causes a decarburization. The loss of carbon was more pronounced in oxygen­
nrlch d ampl s . The decarb rization is doubtlessly caused by formation of carbon-monoxide 

and by th fact that the partial pressure of CO is always kept below the equilibrium pressure 
by th ontinuous pumping action. Annealing alloy 0-43 at 1900°C reduced the oxygen content b 
about 0.002 percent. Annealing alloy 0-31 at 1700 C, however, increased the oxygen content 
by 0. 02 perc nt or more depending on the furnace pressure. When columbium alloys are 

-6 -5 anneal d 1't lower temperatures (800° to 1500 C) in a vacuum of 1 x 10 to 1 x 10 Torr 
absorption of oxygen occurs nnd causes p.recipitation hardening effects which may be errone­
ously taken for aging reactions. The hardening effects are most pronounced in the zirconium­
containing alloy 0-43. 

For samples of alloys 0-31 and 0-43 with low oxygen contents the thermodynamically stable 
precipitate phase is a monocarbide with NaCl-type lattice structure. The metallic components 
of this MC-phase are essentially shared by the alloying elements titanium or zirconium and 
columbium. The alloying elements molybdenum and tungsten seem to play a less prominent 
role in the formation of the MC-phase. In the temperature region below roughly 1200°C the 
monocarbide is titanium- or zirconium-rich for the two alloys, respectively. The ratios 
Ti/Cb and Zr/Cb, however, decrease at higher temperatures. 

Complete solid solution of the MC-phase is achieved in alloy D-31 at 1580° :t: 30°C and in 
alloy D-43 at 1670° :t: 30°C. These solutioning temperatures correspond to a carbon content of 
approximately 0.09 percent. The lower solutioning temperature of alloy D-31 may be the 
influence of the high titanium content. Rapid grain growth is observed during annealing at 
temperatures where solid solution is achieved. 

During cooling from the temperature region of solid solution columbium carbides precipitate 
in both alloys and appear in the microstructure as grain boundary precipitate and as platelet­
like preeipitates in the grain interior. These precipitates cause no essential hardness increase 
at room temperature. By varying the cooling rates it was possible to show that these columbium 
carbides precipitate during cooling and not during annealing as was assumed in earlier 
investigations. The rate of precipitation of the columbium carbides is so high that only in one 
instance it was possible to suppress the formation by quenching into an oil bath. It is this high 
rate of columbium carbide precipitation during cooling which prevents carbon supersaturation 
in columbium alloys and thus a controlled isothermal precipitation of stable MC-phase from 
solid solution. 

Three different columbium carbides were found in both alloys after solution annealing: 

(a) Columbium alloy D-31: A columbium-rlch monocarbide (Cb, Ti)C, the cubic (NaCl­
type) lattice structure of which was probably stabilized by a larger titanium content, precipi­
tates during cooling in an upper temperature region below the temperature for solid solution. 
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In the next lower temperature region E -carbide is formed. When the samples are quenched 
from the solid solution temperature region, additional precipitation of almos stoichiometric 
CbC was observed. 

(b) Columbium alloy D-43: The sequence of precipitation during cooling from the 
temperature region of solid solution is analogous to that far alloy D-31, but with the difference 
that due to the low zirconium content of alloy D-43 hexagonal Cb2C precipitates in the upper 

temperature range instead of the columbium-rich monocarbide (Cb, Ti)C. E-carbide forms in 
the next lower temperature range, and after quenching almost stoichiometric ChC is found 
which appears in the microstructure in form of a very fine dispersion. 

The columbium carbide phase designated as E-carbide was found in both oolumbium alloys 
and precipitates during cooling in form of thin platelets. The crystal structure of the carbide 
phase was not determined but the chemical composition corresponds to Cb3c2• Precipitation 

of E-carbide does preferably occur during comparatively fast cooling or in samples with low 
carbon contents. The nucleation and growth mechanisms appear to be more favorable at lower 
temperatures for the E -carbide than for Cb2C, although the E-carbide is less stable than 

Cb2C. By annealing at temperatures around l000°C the E-phase appears to transform into 

Cb2C. The sequence of precipitation of the three columbium carbides Cb2C, E-carbide (Cb3C2), 

and CbC can be generalized in this way: the lower the temperature of formation, the higher is 
the carbon content of the carbide precipitate. A similar phenomenon is lmown for oementite 
precipitation in steels. 

A strong hardness increase was observed after annealing alloy D-31 in the temperature 
region of increasing MC-phase solutioning. The columbium carbides found in these samples 
by metallographic and x-ray diffraction methods are too coarse to be responsible for the 
hardening effect. By indirect evirience it was concluded that the hardness increase is caused 
by a very fine precipitation of stable MC-phase which is formed during cooling and quenching 
and cannot be detected metallographically or by x-ray powder methods. Such hardness 
increase is neither observed in a sample with much lower titanium content oor in alloy D-43. 

After one-hour aging treatments of solution-annealed and quenched samples a pronounced 
age hardening peak is found at 400°C for alloy D-43 and at 450°C for alloy D-31. The reason 
for the age-hardening peak was not determined with certainty. This anomaly is believed to be 
caused by either precipitation or transformation of a less stable oolumbium carbide. 

Overaging of the titanium-rich MC-phase, which was formed in alloy D-31 during cooling 
after solution annealing, occurs at 1000°C and higher temperatures and causes a hardness 
decrease. The E-carbide and subsequently the cubic, columbium-rich (Cb, Ti)C dissolve during 
aging at and above 1200°C in favor of additional MC-phase precipitation, which,however, has 
no effect on hardness. 

The precipitation reactions during aging at higher temperatures are very similar for both 
alloys. In addition, a transformation of E-carbide, probably into Cb2C, was found in alloy D-43 

prior to MC-precipitation. Age-hardening by MC-phase precipitation was also not detected in 
alloy D-43. 

Oxide phases were not found in alloy D-31, although the oxygen content was purposely in­
creased. On the other hand it was determined that the titanium-rich MC-phase dissolves large 
amounts of oxygen. Titanium-rich oxicarbide is therefore more stable than pure oxides and 
carbides. It is thought that the titanium-rich MC-phase, which forms during cooling after 
solution annealing, dissolves also a large amount of oxygen. 
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ontrary to alloy D-31, oxid pha e w r found in alloy D-43. ZrO2 is a stab! uxid 

phas In th t mperatur region b twe n 1000° and at least 1400 C. It was shown that th 
z · rconium-rich MC-pha e in all y D-43 ct com po ed to ZrO

2 
and Cb2C, when the sampl s 

w r charg d with oxygen. It is conclud d that th stability of Z ro
2 

is comparativ ly high 

and that th 0 zirconium-rich M -phas do s not dissolv appreciable amounts of oxyg n. 

Th form at ion of Zr 
2 

and Cb
2 

by Int rnal oxidation of (Zr,Cb)C pr duces only a mod st 

incr as . xidation of Zr at l000°C, wh n it is in homogeneous solid solution, 
a larg h rdn s incr as . It is beli eved that the Zro2-precipitation in th 

latter cas cons ists of a fin particl ize of less than 500 to 1000 A, since it was not 
detected by surface replica electron micrographs. 

Th re ults of this investigation lead to the conclusi n that controlled age-hardening 
by precipitation of stable carbides from supersaturat d solid solution is not feasible in 
columbium alloys. It may be possible to derive some beneft fo high temperatur strength 
from train-induc d carbide precipitation, but the rapid grain growth, which can hardly 
b avoid d during solution annealing, may impair the margin of benefit for current columbium 
alloy 
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a. lhr/1700°C/FC + lhr/1200°C 

b. lhr/ 1700°C/ FC + lhr/1300 °C , 800x 

Figure a. - b. Alloy D-31. Microstructure After Solution Annealing and Aging. 
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320 ----------------~------------.-------

300 

280 
(/) 

(/) 260 
UJ z 
~ 240 
<{ 

:r: 220 
I 
a.. 200 
Cl 

180 

1000 

0 Cb-10Mo-10Ti-0.1C 
G Cb-10Mo - 1 Ti -0.1 C 

ANNEALING TIME 
= 1 HR 

1200 1400 1600 1800 
TEMP[RATURE, °C 

2000 

Figure 9. A Comparison of Hardness of Alloys D-31 and Ch-lOMo-lTi- 0. IC 
After Annealing and Fast Cooling 
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a. As-r ceived , 00x 

lhr/ 1700°C/ FC , 00x 

. . f 

·" 

• J 

.... ~. 
l . ., 

.. ...... , .. ~ 

. _,,. · .. 
. ·I ' . .. . .... 

/ 

.. I 

b. l hr / lG00 cC/ FC , . 00 

d. lhr/ 2000 °C/ FC , Over tchcd, 00x 

F'igur l0a- d. Alloy D- 43. El'fc-cts of Annealing Temp ratur on Microstructur . 
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~ -
a. J t Radiation cling (FC) 0. Slow Radiation Cooling (SC) 

\ . 
- \ 
,, 

)"t. , 

,J 

' ' 

c. V ry Slow Radiation Cooling (VSC) 
d. Qu nched in Oil ( Q) 

Figure lla-d , 

. ... 

Allo D-43. Effects of ooling Rate on Microstr ctur After olution 
Ann~aling lhr/ 1900°C, OOx 
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Figur 12. Average Grain ize After Annealing for One Hour. 
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Figur 13. Alloy D- 43. Hardn ss of Samples Aft r n - H ur Annealing Treatm nts. 
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a. lhr/ 1900 °C/OQ I- lhr/ 624 °C, 00x 

b. lhr/ 1900 ° / OQ + 10hr / 1000°C, 00x 

Fib'lHC 15a-b. Eff ts of Agin& on Mi ' r ostru t-ur ' of Solution 
Ann al d and I l-qu n h ,d Samp l s 
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a. Optical Micrograph, hoOx

■W '.-V .'<—.-L -
vv r= /, "

* \ '. r' '

. *%• ^ 
-'V

V.-*, r^
-*'''■ V'^ -A'''^ ’ ,-'.

•<- -. ■', . ' "Vi- -iif- • -. / ■_ * . > ->- Z -

b. Electron Micrograph, 2,500x

Figure 16a-b. Alloy D-42. Microstructures of a Solution Annealed and 
Aged Sample (1 hr/1900‘C/OQ + lhr/1300'C).
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Figur I . 

45 

425 ,,,,,,• 
/ ......... · :__.a 

......... . 
40 

~ - - -- 0 _,,n · 
75 r ·· -0- AS - RECEIVED ri --tr 1 HR / 1400 °c / FC 

so ) -<>- 1 HR /1900°C / FC I. 
II -D- 1HR /1900°C/OQ 

Ul 
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25 w . . 
z i~ 0 0 ex: 
<t 00 li I 
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200 - 0 / 
/A 

/ 
175 / 
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0 0,02 0,04 0,06 0 ,08 0,10 0,12 0,14 0,16 

OXYGEN ABSORPTION, wt .-% 

Alloy D- 43. Influence of Oxygen Contamination on Hardness of Samples 
Contaminated at 900 C and Homogenized 1 hr at 1000°C. 

·18 



~
 

c.o
 

0 

C
b 2C

 
(E

LL
 IO

T
T

) 

"E
., 

• 
C

O
LU

M
B

IU
M

 
C

A
R

B
ID

E
 

C
bC

 
(E

L
L

 IO
T

T
) 

10
 

20
 

30
 

40
 

50
 

60
 

70
 

80
 

e
~

 

F
ig

u
re

 1
9

. 
X

-r
a
y

 D
if

fr
a
c
ti

o
n

 P
a
tt

e
rn

s 
o

f 
th

e
 C

o
lu

m
b

iu
m

 C
a
rb

id
e
s 

C
b

2
C

, 
C

b
C

, 
an

d
 

E
 

-C
a
rb

id
e

. 

90
0 

>
 

'-
:j

 

E:
 
~
 

I ~
 

:::0
 

I c
,)

 
c
,)

 
I N
 

C
Jl

 
cc

 



(1
1

 
0 

0 

• e
,"

 
C

O
LU

M
B

IU
M

 
C

A
R

B
ID

E
 

• !
 • 

TA
N

TA
LU

M
 

C
A

R
B

ID
E

 
(L

E
S

S
E

R
 &

 B
R

A
U

E
R

) 

I
•
 

10
 

20
 

30
 

40
 

50
 

60
 

70
 

80
 

8 
~
 

F
ig

u
re

 2
0

. 
X

-r
a

y
 D

if
fr

ac
ti

o
n

 P
a
tt

e
rn

s 
o

f 
~
 -

C
o

lu
m

b
iu

m
 C

a
rb

id
e
 a

n
d

 
! 

-T
a
n

ta
lu

m
 C

a
rb

id
e
 

90
0 

>
 

"'
lj a:: t"4
 

I ~
 

~
 

a
, 

a
, I N
 

C,
11

 
co

 



AFML-TR-66-259 

Carbon 

Oxygen 

Nitrogen 

TABLE I 

INTERSTITIAL CONTENT OF COLUMBIUM ALLOY 0-3 l 
AFTER SOLUTION ANNEALING 

Furnace "A" Furnace 11B11 

As-received 1 hr/l 700°C/FC 1 hr/l 700°C/OQ 
analysis p ~ lxlo- 5 Torr p ~ lxl0 -'+ Torr 

0.094% 0.0650% 0.0500% 

0.017% 0.0366% 0.0503% 

0.013% 0.0108% 0 .0109% 

Chemical analysis by Ledoux & Co. 
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Heat Treatment 

as-received 

lhr/1400°C/FC I 

lhr/1500°C/FC 

lhr/1500°C/OQ 

lhr/1600°C/FC 

lhr/1700°C/FC 

lhr/ 1800 °C/FC 

lhr/l 700°C / OQ 

lhr/l 700°C/FC 
+ lhr/1200°C 

lhr/1700°C/FC 
+ 16h rs/ 1200 ° C 

lhr/1700°C/FC 
+ lhr/1300°C 

TABLE II 

PRECIPITATES IN COLUMBIUM ALLOY D-31 
AITER VARIOUS HEAT TREATMENTS 

Precipi tates Int nsity Lattice 
Structure 

(Ti,Cb)(C,O,N) s cubic 

(Ti ,Cb)(C,O,N) s cub i c 
E vvw X 

(Ti,Cb)(C,O,N) s cub i c 
E w X 

( Ti , Cb) ( C , 0, N) s cub ic 

(Cb,Ti)(C,O) s cubic 
"CbC" m cubic 
E w X 

(Cb, Ti) (C,O) s cubic 
E m X 

(Cb, Ti)(C,O) cubic 
E m X 

E s X 

"CbC" s cubic 
(Cb, Ti)(C,O) m-w cubic 
others vvw 

(Cb,Ti)(C,O) s cubic 
( Ti , Cb)( C , 0) w cubic 
E w X 

(Ti,Cb)(C,O) s cubic 
matrix vw 

( Ti , Cb) ( C , 0) s cubic 
( Cb , Ti)( C , 0) m cubic 
E vw X 

s m strong, rn ~ medium strong, w • weak, vw • very weak 
x lattice structure of E-phase was not determined 
FC = fast-cooled, OQ • oil-quenched 

52 

Lattice 
Parame ter, ! 

a = 4.322 

a = I+. 328 
X 

a = 4.342 
X 

a = 4.320 

a = 4.388 
a = 4.42 

X 

a = 4.398 
X 

a = 4.398 
X 

X 

a = 4.47 
a = 4.36 

a • 4.39 
a = 4.34 

X 

a = 4.34 

a = 4.35 
a = 4.39 

X 
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TABLE III 

PRECIPITATES IN OXYGEN-RICH SAMPLE OF ALLOY D-31 
AFTER VARIOUS HEAT TREATMENTS 

Heat Treatment Precipitates Intensity Lattice Parameter, 1 
Structure 

16hrs/1200°C (Ti, Cb) ( C, 0) s cubic a-= 4.292 
(Ti,Cb) (C,O,N) m cubic a= 4.232 

16hrs/1200°C + (Ti, Cb)( C,O) s cubic a = t, .300 
10hrs/1300°C 

lhr/1700°C/FC £ - phase s X X 

(Cb, Ti) (C,O) w cubic a= 4.39 
Cb 2c ·vvw hexagonal n.d. 

s = strong, m = medium, w = weak 
x = lattice structure of £ -phase was not determined 

TABLE IV 

HARDNESS VALUES OF ALLOY D-31 WITH DIFFERENT OXYGEN CONTENTS 
AFTER SOLUTION ANNEALING 1 HR/1700°C/FC 

Oxygen content before 
sol.-anneal, % 0.017 0.029 0.043 0.052 0.080 

Oxygen content after ·*) 
solution anneal,% 0.036 -.- -.- 0.028 . 
Carbon content*) after 
solution anneal, % 0.065 . -.- 0.045 . 
Hardness, DPH 270 294 275 274 301 

*) Analysis by Ledoux & Co. 
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TABLE V 

PRECIPITATES IN ALLOY ~43 AFTER VARIOUS HEAT TREATMENTS 

Heat Treatment Precipitates Intensity Lattice Lattice 
Structure Parameter, A 

As-received (Cb,Zr)C s cubic a • 4.51 
(Zr,Cb)C m-s cubic a • 4 .60 
Cb2C m hexagonal a/c = 3.14/ 

s.oo 

lhr/1400°C/FC (Cb,Zr)C s cubic a • 4 .51 
(Zr,Cb)C s cubic a • 4.60 
Cb2C vw hexagonal not de term. 

16hrs/1400°C/ (Zr,Cb)C s cubic a = 4.60 
FC (Cb,Zr) C m-s cubic a • 4.51 

Cb2C w hexagonal not determ. 
Zr02 vw tetragonal not determ. 

lhr/1600°C/FC (Cb,Zr)C s cubic a~ 4.51 
(Zr,Cb)C w- m cubic a• 4.60 
Cb2C s hexagonal a/c = 3.14/ 

5.00 

lhr/16so 0 c/0Q (Cb,Zr)C s cubic a• 4.49 
E s X X 

Cb2C m hexagonal a/c • 3.12/ 
4.99 

lhr/1800°C/FC E s X X 

Cb 2c s hexagonal a/c • 3.12/ 
4.99 

1hr /l 900°C/FC E s X X 

Cb2C m-s hexagonal a/c • 3.12/ 
4.99 

lhr/2000°c/Fc E s X X 

Cb 2C m hexagonal a/c • 3.12/ 
4.99 

lbr/1900°C/OQ E s X X 

Cb2C w hexagonal a/c • 3. U/ 
4.99 

CbC w cubic a • 4.46 

lhr/1900°C/SC E s X X 

Cb2C s hexagon.:il a/c • 3 .12/ 
4.99 

l-l/4hr/l900°C/ Cb2C s hexagonal a/c • 3.12/ 
VSC 4.99 

E m X X 

OQ • oil-quenched, FC • fast-cooled, SC• slow-cooled, VSC • very-slowly-cooled 
(see also figure 2). 
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Carbon 

Oxygen 

Nitrogen 

TABLE VI 

INTERSTITIAL CONTENT OF COLUMBIUM ALLOY ~43 
AFTER SOLUTION AN~'l<'..ALING 

As-received Furnace "A" 
Analysis 1 hr/1900°C/FC 

p ::::: lxl0-5 Torr 

0.0970% 0 .0920% 
--

0.0067% 0.0020% 

0 .0025% 0.0024% 

Chemical analysis by Ledoux & Co. 
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1 , 

Furnace 118" 
1 hr/1900°C/OQ 

p ::::: lxl0-4 Torr 

0 .0840% 

0.0025% 

0.0037% 
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Temperature 
oc 

1200 

1400 

1500 

TABLE VIII 

EFFECT OF ANNEALING TEMPERATURE ON LATTICE PARAMETER 
OF (Zr,Cb)C IN COLUMBIUM ALLOY D-43 

Annealing Lattice 
time, hrs parameter,! 

24 4.58 

2 4.56 

2 4.53 

Zr/Cb *) 

1.9 

1.2 

0.9 

*) Maximum values; calculated from data of Norton and Mowry 30) 

Oxygen Content & 
Heat Treatment 

0 .14% 0 
2hrs/1000°C 

0.026% 0 
16hrs/1400°C 

0.023% 0 
lhr/1900°C/FC 

0.035% O 
1hr / 1900 °C/FC 

0 .059% O 
lhr/1900°C/FC 

TABLE IX 

PRECIPITATES IN OXYGEN-RICH SAMPLES OF ALLOY D-43 
IN VARIOUS HEAT TREATED CONDITIONS*) 

Precipitates Intensity Lattice 
Structure 

(Cb ,Zr) C s cubic 
Cb2C s hexagonal 
Zr02 m tetragonal 
Zr02 w monoclinic 

(Zr,Cb)C s cubic 
Cb2C w hexagonal 
Zr02 w tetragonal 
ZrOz w monoclinic 

E s X 

Cb2C vw hexagonal 

E s X 

E s X 

*) Oxygen was added in the as-received condition. 

Lattice 
Parameter 

4.51 
3.13/4.98 
no t determ. 
not determ. 

4.60 
3.13/4 .95 
not determ. 
not de term. 

X 

not determ. 

X 

X 

x • Lattice structure and parameter of E -phase was not determined. 
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TABLE X 

X-RAY DIFFRACTION DATA OF TIIE E -PHASE 

d , A I d , A I 0 0 0 0 

2.6 3 w 1.0269 vw, diff. 

2.644 w 1.0222 vw, diff. 

2.498 s 1.0101 m 

2.471 s 0.9955 m 

2.269 s O. 9793 m 

1.663 vvw, diff. 0.9132 w 

1.561 s 0.9028 m 

1.488 w, dif f. 0.8887 w, diff. 

1.362 w 0.8590 m, diff. 

1.324 s 0.8503 m, diff. 

1.288 w 0.8378 vvw 

1.256 w 0.8269 vvw 

1.0791 vw, diff. 0.7825 m, diff. 
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