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PROCESSING AND MICROSTRUCTURE OF Nb-l%Zr-0.1%C ALLOY SHEET 

Mehmet Uz Robert H. Titran 
Lafayette College NASA Lewis Research Center 
Easton, FA 18042 Cleveland, Ohio 44135 

Abstract 

A systematic study was carried out to evaluate the effects of processing on (he microstruclure of a Nb-
lwt.%Zr-0.1wt.%C alloy sheet. The samples were fabricated Ijy cold rolling different sheet bars that were 
single-, double- or triple-extruded at 1900 K. Heal treatment consisted of one- or two-step niiiieaiiiig of 
different samples at temperatures ranging from 1350 K to 1850 K. The assessment of (he effects of processing 
on microslruc(ure involved characterization of the precipitates including the type, crystal striiclure, chemistry 
nnd distribution within the material as well as an examination of the grain structure. A combination of 
various analytical and metallographic techniques were used on both (he sheet samples and (he residue 
extracted from them. The results show that (he reladvely coarse ordiorhombic NIJJC carbides in (he as-roiled 
samples transformed to rather fine cubic moiiocnri)ides of Nb and Zr with varying Zr/Nb rndos upon 
subsequeii( hea( (readiient. The relative amount of (he cubic carbides and (he Zr/Nb ratio increased wi(h 
increasing number of extrusions prior to cold rolling. Furlhermore, (he size and (he aspec( ra(io of (he grains 
appear (o be sdoiig functions of the processing Iiistory of tlie material. These and odier resiiKs ob(aiiied will 
be preseii(ed wi(h (he emphasis on a possible relationship between processing and microstructure. 

INTRODUCTION 

Space power requirements for future civil missions, such as exploration of tlie Moon and Mars, will range 
from multikilowatts to megawatts of electricity. One of tlie more important areas presendy under inves(iga(ioii 
concerns (he charac(eriza(ion of nia(erinls for (lie primary hea( source - a nuclear reac(or. The requiremeii(s 
for such a nuclear power sys(em currendy include a ser\ice life in excess of 7 3ears a( (eiiiperndires grea(cr 
than 1350 K, less than 2% total creep strain under sdesses as high as 21 MFa, and resis(ance (o 
environmental degrndadon. These crKeria dictate the use of refractory metals (Cooper 1984). Refractory 
metal alloys like Nb-l%Zr (this and all of the following compositions being in wt.%) have been suggested for 
use in space power applications where resistance to liquid alkali metal corrosion at temperatures near 1100 
K is the primary concern (Lane and Ault 1965, Biickman 1984). Preliminary designs of space nuclear power 
systems for ground demonstration specify (he Nb-l%Zr alloy for the reactor vessel, heat pipe, and power 
components (Kruger et al. 1987). Current concepts need Nb-base alloys with greater higli temperature 
strength and increased creep resislnnce (o provide ndditionni design and safety margins (Dokko et al. 1984) 
as compared to those provided by Nb-l%Zr alloy. The primary candidates to provide such margins are the 
carbide-strengthened Nb-alloys, in particular, the so-called PWC-11 developed in the 1960s (DclGrosso et al. 
1967) with a nominal composition of Nb-l%Zr-0.1%C. An earlier study (Uz and Titran 1991) showed that 
a Nb-l%Zr-0.06%C alloy has excellcii( microsirucdiral s(al)il!(y a( (empera(ures of in(ciest with or without 
applied load. The total creep sdain in a sample of (his low-carbon alloy was less (han 0.1% after 4 years 
(=35,000 hours) at 1350 K under a stress of 10 MPa. 

There has been substantial work reported on the Nb-l%Zr-C alloys, especially on a Nb-1%Zr alloy 
containing 0.06%C including its niicros(ruc(ure, loiig-(erm creep resis(aiice under differeiU loads, and i(s 
weldabilKy (Tidan 1986 and 1990, Grobs(eiii and Tidaii 1986, Titian et al. 1986 and 1987, Moore e( al. 1986, 
Uz and TKraii 1991). However, (he relndonship between processing, microstructure and properties has not 
been well-established for these alloys. 

The present study is part of National Aeronautics and Space Administration (NASA) Lewis Researcli 
Center's ongoing program of a critical evalualion of Nb-Zr-C alloys to determine (he feasibility of the i'WC-11 
alloy to meet the anticipated temperature and creep resistance requirements needed to replace (he Nb-l%Zr 
in SP-100 space power sys(ems. I( deals wi(h (he charac(erization of the microstructure of a Nb-1 %Zr-



0.1 %C alloy shee( as affec(ed by (he thermomechanical processing employed in its fabricadon and (he 
subsequent heat trea(men( prior (o i(s use in service. In pariiciilar, (he paper examines (he effects of muldple 
ho(-extrusioiis prior to cold rolling as well as the effects of various high-temperature anneals on die 
microstructure. 

EXPERIMENTAL 

The Nb-l%Zr-0.1%C alloy was procured commercially as vacuum arc-melted ingot wKli a lien( number of 
064, hence the label of each sample in (his s(udy coiisis(s of (he hea( number followed by an idendncadon 
indicadve of the process. Table 1 gives (he processing hisiory of (he samples sdidied all of which were in (lie 
form of 1-miii (hick slieet. The difference be(weeii each gioup of samples is (lia( 064A, 064B and 064C were 
given, respecdvely, single-, double- and (riple-ex(rusion operadons prior (o cold-rolling (he shee( bar. All (he 
extrusions were made at 1900 K witli an extrusion-rado of 4:1. The samples from 064A were given two sets 
of heat treatments - one with 1755 K cons(aii( and (lie other witli 1475 K constaii(. This was done (o 
determine the role of each of these temperatures in the doul)le-aniieal (DA) heat trea(men( (I h a( 1755 K + 
2 h at 1475 K) recoiiimended for (he PWC-11 alloys (Del Grosso, e( al. 1967), and (lie consequences of 
changing ei(her of (liese (empera(ures. Smaller variaiions in liea( (rea(men(s were performed on (he samples 
from 064B and 064C in order (o de(eriiiiiie (he erfec(s of (he number of ex(riisions on (lie micros(ruc(ure. 
Heat treatments were carried out at a pressure of (lie order of W^ Pa wi(h each specimen wrapped in 
chemically-cleaned tantalum foil as an additional precaution against interstitial impurity contamination. 

TABLE 1. Processing Histories of (he 1-iiim Thick Shee( Samples from Nb-l%Zr-0.1%C Alloy 064. 

SAMPLE 

064A 
064A-1755 
064A-1755/1350 
064A-1755/1475 (064A-DA) 
064A-1755/1600 
064A-1755/1700 

064A-1475/1475 
064A-1650/1475 
064A-1850/1475 

064B 
064B-1755 
064B-1755/1350 
064B-1755/1475 (064B-DA) 

064C'"' 
064C-1755 
064C-1755/1350 
064C-1755/1475 (064C-DA) 

NO. OF 
EXTRUSIONS 

2 
2 
2 
2 

3 
3 
3 
3 

CONDITION OR 
HEAl TREAITVIENT | 

AS COLD-ROLLED (96% CW) 
Ih @ 1755K 
Ih @ 1755K + 2h @ 1350K 
Ih @ 1755K + 21i @ 1475K 
Ih @ 1755K + 2li @ 1600K 
Ih @ 1755K + 2h @ 1700K 

Ih @ 1475K + 2h @ 1475K 
Ih @ 1650K + 2h @ 1475K 
Ih @ 1850K + 2h @ 1475K 

AS COLD-ROLLED (88% CW) 
lb @ 1755K 
Ih @ I755K + 2li @ 1350K 
Ih @ 1755K + 2h @ 1475K 

AS COLD-ROLLED (60% CW) 
Ih @ 1755K 
Ih @ 1755K + 21i @ 1350K 
Ih @ 1755K + 2li @ 1475K | 

'"'Also cross-rolled (o meet sheet-width requirements. 

All the materials were chemically analyzed to verify tlieir iiiidal composidons. The samples exposed to 
elevated temperatures were also analyzed for O, N and C to monitor their loss or pick up during such 
exposures because these elements are known to affect material properties signiricnntly. 
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The longKudinal and (ransverse cross-secdons of each specimen were examined and pho(ographed using ligh( 
microscopy in (he as-polished condidon. Mechanical polishing was done in a slurry of 50 ml wa(er - 50 ml 
colloidal silica wi(h 1 ml each of hydrofluoric and iiKric acids on an acid-resis(an( polisliing clo(h. The 
samples were also chemically elched widi a soludon of lactic acid:iiitric acid:liydrofluoric acid in a rado of 
6:3:1 by volume (o examine (he grain structure. Some specimens were further examined and photographed 
using scanning elecdon microscopy (SEM) in (he as-polished condidon. Thin-film samples of 064A, 064A-DA, 
064B-DA and 064C-DA were examined by transmission electron microscopy (TEM) to characterize the size, 
shape, crystal structure and Zr/Nb ratio of the precipitates. 

The microslrncture was further charac(crized by examining (lie second phase pardcles exdac(ed from each 
sample using a soludon of 900 ml iiie(hanol - 100 ml bromine - 10 g tartaric acid with platinum as a catalyst. 
Phase-extracted residue from each sample was analyzed by X-ray spectroscopy to determine the crystal 
structure and Intdce parame(ers, and by inducdvely-coupled plasma (echnique (ICP) for Nb- and Zr-coii(en(s. 
Pieces of (he filter paper with residue retained from 064A, 064A-DA, 064B-DA, 064C-DA were examined 
using SEM for appearance, and analyzed for Zr/Nb ratio by energy-dispersive X-ray spec(roscopy (XEDS). 

The procedure followed in tliis study was designed to allow microstructural characterization (o lie done by 
two or more independent methods. This was done for selected samples to validate tlie trends established using 
the results obtained by (he techniques common to all of the samples studied. 

RESULTS AND DISCUSSION 

Chemical Analysis 

The results of the chemical analyses are (al)Hla(ed in Table 2 above. I( is e^ideni (lia( (here has been 
noticeable oxygen coii(amiiia(ion in 064B-1755/1350, and oxygen and nidogen con(aiiiiiia(ioiis in 064C-1755 
and 064C-1755/1350 during (he hea( (rea(men( of (hese samples. In an earlier s(udy on Nb-l%Zr-0.06%C 

TABLE 2. ResuKs of the Chemical Analysis of Samples whose Processing Histories are given in Table 1. 

CHEMICAL COMPOSmON (WT.%) 

SAMPLE 

064-INGOT(TOP) 
064-INGOT(BOTTOM) 
064A 
064A-1755 
064A-1755/1350 
064A-DA 
064A-1755/1600 
064A-1755/1700 
064A-1475/1475 
064A-1650/1475 
064A-1850/1475 
064B-1755 
064B-1755/1350 
064B-DA 
064C-1755 
064C-1755/1350 
064C-DA 

0'"' 

0.(M»50 
0.0080 
0.0035 
0.0018 
0.0029 
0.0028 
0.0014 
0.0027 
0.0035 
0.0063 
0.0024 
0.0040 
0.0248 
0.0033 
0.0593 
0.0283 
0.0022 

N<"' 

0.0025 
0.0020 
0.0025 
0.0025 
0.0022 
0.0019 
0.0018 
0.0014 
0.0015 
0.0014 
0.0016 
0.0021 
0.0040 
0.0022 
0.0116 
0.0086 
0.0009 

C'"' 

0.0910 
0.0900 
0.0900 
0.0982 
0.0972 
OMZl 
0.0965 
0.0957 
0.0982 
0.0979 
0.0943 
0.0970 
0.0974 
0.0914 
0.1040 
0.1020 
0.0944 

Zr'̂ ' 

0.96 
0.94 
0.93 

0.982 
— 
— 

— 
— 
— 

— 
— 
— 
— 
-— 

Nb 

BALANCE 
1 

1 

'"Inert-gas fusion method. ""Combustion extracUoii method. "^'Inductively-coupled plasma method. 
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alloy (Uz and TKran 1991), the oxygen conlent in the stressed middle portion of a creep sample increased from 
about 0.003 wt.% to 0.043 wt.% after 34,500 hours a( 1350 K under 10 MPa. This did not affect either (he 
high-(empera(ure creep resis(ance or micros(ruc(ural s(abili(y of (he ma(erial which also should be (he case 
for the samples studied here. However, any appreciable interstitial impurity, especially oxygen pick up 
during processing should be avoided since liquid alkali me(als (ha( may be preseid in (he service enviroimien( 
of these materials are much stronger oxide-formers than either Zr or Nb (Kubachewski and Alcock 1983). 

Metallographic Examination of Sheet Samples 

The samples were examined using opdcal microscopy, scanning elec(ron microscopy (SEM) and/or 
(ransmission elec(roii microscopy (TEM). These will be presenled s(ar(ing widi (he as-cas( alloy and follow 
the process path for a group of samples. All the micrographs of the slieet samples presented are from the 
longitudinal cross-sections, and the direction of cold work (rolling axis) in each is parallel to the horizontal 
lines of the text with tlie exception of Figure 2 in which the extrusion axis is nearly perpendicular. 

Secondary-electron (SE) images of as-cast 064 taken by SEM are shown at two different magnificndons in 
Figure 1. The needle-like precipitates are rather coarse (hroughoid (he matrix and appear to have formed 
a continuous network along the boundaries of (he grains (ha( are rela(ively large. 

FIGURE 1. SEM Micrographs of As-Cas( Nb-1 % Zr-O.l % C Alloy 064. Bo(h Secondary Elec(ron Images 
(SEI) of the LongKudinal Cross Secdon of As-E(ched Sample. 

Shown in Figure 2 are the back-scattered electron (BSE) images of the nose portion of the single-extruded 
sheet bar at two different magnincalions. It would appear that hot extrusion at 1900 K caused the as-cast 
structure to break down and reform with (he precipi(a(es somewliat aligned along (he direcdon of 
deformadon. Also, (he extrusion process evidently resulted in noticeable reFinement in the precipitate size. 

FIGURE 2. SEM Micrographs of Single-Extruded Sheet Bar of Nb-1 % Zr-0.1 % C Alloy 064. Both Back 
Scattered Electron Lunges (BSEI) of the Longitudinal Cross Section of As-Polished Sample. 
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A complete breakdown of the niicros(ruc(ure and aligiimen( of the mostly coarse precipitates along (he 
rolHng direction occurred upon cold rolling following extrusion as can be seen from Figure 3a. The remaining 
micrographs in (lie figure show the effec(s of changing (he secoiid-s(ep (emperadire of (he double-anneal hea( 
treatment. Figure 3b shows that there is a reniiement of the precipitate size accompanied by the appearance 
of individual grains upon lieadng the as-rolled sample for 1 h at 1755 K. Also notewordiy from (his 
micrograph is the presence of the finer precipitates along the grain boundaries as well as within the grains. 

FIGURE 3. Opdcal Micrographs of (a) 064A, (b) 064A-1755, (c) 064A-1755/1350. (d) 064A-DA, (e) 064A-
1755/1600 and (0 064A-1755/1700. All Differendal Interference Coii(ras( (DIC) Liiages of 
(he Longitudinal Cross Sections of As-Polislied Samples. 



Subsequeii( anneal n( 1350 K for 2 h caused some coarsening of (lie precipi(a(es and a sliglU decrease in (lie 
aspect ratio of (lie grains wliicli can be noted from (he op(ical micrograph of 064A-1755/1350 in Figure 3c. 
The grains of bo(h 064A-1755 and 064A-1755/1350 are mosdy elonga(ed, and few grains liave aspec( rados 
as higli as 10 and a leiig(h of up (o 100 jLiiii. The nearly eqiiiaxed grains in ei(her sample are radier small (''lO 
|Lim). Upon double-anneal, DA (1 h a( 1755 K + 2 h a( 1475 K), (he sample 064A recrysdillized fully as is 
obvious from (lie opdcal microgrnpli of 064A-DA in Figure 3d. The grains in (his sample are radier large 
(100 to 300 |Lim) wi(l> relatively coarse precipitates along the grain boundaries and within grains alike. The 
highes( aspect rado measured in (liis sample was abou( 1.5. 1( is in(eres(iiig (o iio(e from (he micrographs of 
064A-1755/1600 in 3e and 064A-1755/1700 in 3f (lia( increasing (he secoiid-s(ep (empenKure of DA liea( 
treatment did not resiiK in a coarser iiiicros(ruc(ure. In coii(ras( (o whtt( one would expec(, (hese samples 
have much Hiier microstrucdiics (han 064A-DA as far as bo(h (he grain size and die precipi(a(es are 
concerned. Tlie coarser precipi(a(es observed in (he as-rolled sample are fewer in number, and newly-formed 
fine precipi(a(es are visible wKhin (lie grains and (he boundaries. 1( is possible (lia( increasing (he secoiid-s(ep 
(empera(ure has(eiied (he formadon of (he finer precipi(a(es following (lie partial solution trea(meii( a( 1755 
K. These finer precipitates were then respo!isiI)Ie for hindering the grain growth, hence (he finer 
inicros(ruc(ure. The larger grains in either of (hese las( (wo samples are as long as 150 jiim widi an aspccl 
ratio as high as 5. Again tlie nearly-cquiaxed grains are on the order of 10 |LUII in size. These heat (rea(iiien(s 
should be duplica(ed (o further investigate the rather unusual (rends in the resulting microstructures. 

FIGURE 4. Optical Micrograplis of (a) 064A-1475/1475, (b) 064A-1650/1475, (c) 064A-DA nnd (d) 064A-
1850/1475. All DIC Images of the Longitudinal Cross Sections of As-Polished Samples. 
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The devclopmen( of (he microstructure of 064A upon changing the first-step temperature of (he DA heat 
treatment is shown in Figure 4. There appears to be some refinement in (he precipitate size upon 1475/1475 
anneal (Figure 4a), but this is (o a lesser ex(en( (han in 064A-1755 above. This should be expec(ed since much 
less carbon goes into solution at 1475 K than at 1755 K, and consequeii(l) less re-precipi(a(es during cooling 
and/or subsequeii( heat treatment. Increasing the first-step temperature to 1650 K resulted in a marked 
refinement of the microstructure (see Figure 4b). Both of the above anneals gave grains as long as 100 |Liin 
with aspect ratios as high as 5 to 8. The nearly-equiaxed grains are smaller (==5 to 10 (uiii) than (he samples 
discussed previously. The DA heat treatment resulted in a coarse recrystallized micros(rHc(ure as described 
earlier. IiUeresting again is that increasing (he nrs(-step temperature to 1850 K (sample 064A-1850/1475 in 
Figure 4.d) yielded a finer microstructure than 064A-DA. The grains have aspect rados of 1 (o 2. The 
equiaxed grains are as small as 30 nin, and (he eloiiga(ed ones are as long as 150 jum. Bo(h (he grains and 
the precipi(a(es in (his sample are considerably finer (han (hose in 064A-DA. This may be a((ribu(able (o 
more carbon going in(o soludon o( 1850 K (ban a( 1755 K, and more carbon being availalile for (he formndon 
of the finer carbides in the sample annealed a( the higher teiiipera(ure. These s(able precipi(a(es (hen 
preveii(ed grain growth. 

The microstrucdires of (he as-rolled and liea( (reated samples from the double-extruded shee( 064B are 
shown in Figure 5. The trends concerning the changes in the microstructure are similar to those observed 
in samples from 064A (see Fig. 3a - 3d). There is some refinement in the microstructure upon annealing of 

FIGURE 5. Opdcal Micrograplis of (a) 064B, (b) 064B-1755, (c) 064B-1755/1350, (d) 064B-DA. All DIC 
Images of the Longitudinal Cross Sections of As-Polished Samples. 

7 

« 



r* 

the cold-rolled sample at 1755 K for 1 h, aiul upon the subsequent anneal of 2 h at 1350 K. The grains of 
064B-1755 are mostly elongated (as long as 150 |um) and have aspect ratios as high as 10. A few of tlie grains 
appear to be nearly equiaxed and are about 20 jLiiii in size. The niicros(riic(ure of 064B-1755/1350 appears 
similar, but the grains have lower aspect ratios with a maximum of about 6. Similar to that of 064A-DA, the 
microstructure of 064B-DA is almost fully recrystallized, but with smaller grains and finer precipitates (hat 
appear to be less in number density. This may be attributed to (he lower aiiioiiii( of cold work in 064B (« 
88%) (han (liat in 064A (« 96%) wliich means lower stored energy hence less driving force for the 
recrystallization and growtli processes. Furthermore the grains in 064B-DA are considerably finer than in 
064A-DA and some still have an aspect ratio as liigii as 3. 

Figure 6 shows the optical micrographs of (he samples from (he (riple-ex(ruded 064C whicii were similarly 
processed as (hose fiom 064B in Figure 5. 1( appears (hat die precipitates in (hese samples noiii 064C are 
finer (han (lie similarly-treated samples from either 064A or 064B. It will be recalled that 064C received only 
60% cold work whicli is much less (ban (he o(her (wo, but it was cross-rolled to meet the width requireiueii(s 
during (he shee( manufacturing process (Table 1). This more complex (than straight rolling) process evidently 
more than made up for the lower percent of cold work it received. It is interesting to note from Figure 6d 
that, in contrast to 064A-DA and 064B-DA, 064C-DA is not recrystallized. The grains of 064C-DA are 
noticeably finer tlian either of the other two, and have aspect ratios as high as 8 to 10. Tliis may be due to 
the fine precipitates at the grain boundaries, or due to some stabilizing effect of the cross-rolling process. 

FIGURE 6. Optical Micrographs of (a) 064C, (b) 064C-1755, (c) 064C-1755/1350, (d) 064C-DA. All DIC 
Luages of the Longitudinal Cross Sections of As-Polished Samples. 
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The back-sca((ered electron images of some of (he samples examined using SEM are shown in Figure 7. 
These micrograplis correla(e well witli the opdcal images coiicei iiiiig the precipi(a(es - (he carbides wliich have 
a lower average a(omic number (han (he ma(rix appear darker in (he BSE images and correspond (o (he 
pro(rHsions in (he micrographs (aken by light microscope using differential interfeience coii(ras( (DIC). 
Furtliermore, these micrograplis show that (he precipi(a(es in (he hea(-(rea(ed samples vary in size from the 
fraction of a micron to a few microns. Tlie larger precipitates, however, appear to be fewer in number, 
especially in the sample from (he (riple-extruded sheet. 

FIGURE 7, SEM Micrographs of (a) 064A, (b) 064A-I755, (c) 064A-1755/1350, (d) 064C-1755/1350. All 
BSEI of the Longitudinal Cross Sections of As-Polished Samples. 

The above results show that it is possible to obtain differeiU micros(ruc(ures as desired by carefully (ailoring 
the process. With the exceptions of 064A-DA, 064A-1850/1475 and 064B-DA, all the processes resulted in 
microstructures consisting of relatively fine precipitates along the grain boundaries and within (he grains, bu( 
the grains themselves had preferred orientation and widely varying aspect ratios. Relative to one with 
equiaxed grains, such microstructures wi(h eloiiga(ed grains may be beneficial in improving (lie mechanical 
properdes in the longitudinal direction, but would be detrimental for those in the tiansverse direction. 

Characterization of Precipitates 

The precipitates that may form individually or in solid solution wi(h one another in a Nb-Zr-C alloy are 
listed in Table 3 together with the crystal stiucture and lattice parameters. To identify and chaiac(erize (lie 
precipi(a(es in (he samples examined, phase-ex(rac(ed residue from each was analyzed following (he procedui e 
described earlier. For the same purpose, and also to verify the results obtained from X-ray analysis, some 
shee( samples were examined and analyzed using TEM (o idendfy (he precipi(a(es and (o dc(eriiiiiie (heir 
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TABLE 3: Crystal structures and lattice parameters of compounds possibly present in Nb-Zr-C alloys. 

Compound 

NbjC 
NbjC 
NbO 
NbN 
NbN 
NbC 
ZrN 
ZrO 
ZrC 
ZrOj 

Crystal 

Structure 

Hexagonal 
Orthorombic 

Cubic 
Tetragonal 
Hexagonal 

fcc(Bl) 
fcc(Bl) 
rcc(Bl) 
fcc(Bl) 
fcc(Cl) 

Lattice Parameter (nni) 

a„ 

0.313 
1.09 

0.421 
0.438 
0.295 

->0.447 
0.456 
0.462 

->0.470 
0.509 

b„ 

— 

0.31 
— 
— 
— 
— 
— 
— 
— 

c„ 

0.497 
0.50 
— 

0.431 
0.553 

— 

crystal structures, Intdce parameters and chemistry. It is realized that the error involved in XEDS analysis 
using SEM or TEM can be as high as 20% relative to the value measured. However, independent lechiii(|ues 
on select samples are useful in verifying (he (rends observed in (he resuKs obtained from the analysis 
techniques, such as ICP and X-ray spectroscopy, common to all samples studied. 

Figure 8 shows (he SEM Images of the residue samples galhercd on filter paper from (a) 064A, (b) 064B-DA. 
It will be no(ed (lia( in (he residue from 064A (he individual pardcles can be resolved while (hose in (lie odier 
agglomera(ed together indicating that they are finer overall which is consisteid widi (he iiie(nllogrnpliic 
observations discussed earlier. Residue from other heat-treated samples looked similar to that of 064B-DA. 

FIGURE 8. SEM Micrographs of the Residue extracted from (a) 064A and (b) 064B-DA. Both SEI of 
the Residue gathered on Teflon Filter Paper. 

The results of the analysis of the phase extracted residue by X-rays, ICP teclinique and SEM7XEDS are 
tabulated in Table 4. Given in Table 5 are the results of TEM work on thin-film samples from 064A, 064A-
DA, 064B-DA, 064C-DA. The resuKs in Table 5 concerning (he precipi(a(e ideii(ity and the lattice parameters 
that could be determined are consistent with those in Table 4 for (hese specimens. TEM images of prccipi(a(es 
of two different sizes are shown in Figure 9 together with the corresponding diffraction pattern of each. 
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TABLE 4: Results of the analysis of residues phase-extracted from Nb-1 % Zr-O.l %C alloy samples 
whose processing histories are given in Table 1. 

SAMPLE 

064A-INGOT 
064A 

064A-1755 
064A-1755/1350 

064A-DA 

064A-1755/1600 

064A-1755/1700 

064A-1475/1475 

064A-1650/1475 

064A-1850/1475 
064B 

064B-1755'" 

0648-1755/1350"=' 

064B-DA 

064C 

064C-1755"'' 

064C-1755/1350'" 

064C-DA 

X-RAY ANALYSIS 

PHASE(S) 

NbjC 
NbjC 

(ZrJWb)C 
(ZrJVb)C 
(Nb,Zr),C 
(ZrJSb)C 

NbjC 
(ZrJ^Jb)C 
(Nb,Zr),C 
(ZrJVb)C 

(Nb,Zr)jC 
(ZrJVb)C 
(Nb,Zr),C 
(Zr,Nb)C 
(Nb,Zr)2C 
ZrJSb)C 

(Nb,Zr)jC 
Nb,C 

(ZrJVb)C 
(Nb,Zr),C 
(ZrJNfb)C 
(Nb,Zr)jC 
(ZrJVb)C 

NbjC 
(ZrJVb)C 

NbjC 
(ZrJNb)C 
(Nb,Zr)jC 
(ZrJ<b)C 
(Nb,Zr),C 
(ZrJVb)C 
(Zr,Nb)C 

LATTICE PARAMETERS 

ag 

(I') 
1.092 
0.453 

(b) 
1.239 
0.452 
1.090 
0.450 
1.239 
0.452-
0.459 
1.241 
0.452 
1.236 
0.454 
1.236 
0.456 
1.239 
1.090 
(b) 

1.240 
0.459 

(b) 
0.459 

(b) 
0.459 
1.090 

(b) 
1.238 
0.461 

(b) 
0.459 
0.459 

(nm) 

bo 

0.497 

1.093 

0.480 

1.093 

1.090 

1.086 

1.088 

1.090 
0.499 

1.089 

0.497 

1.090 

Cfl 

0.311 

0.499 

0.290 

0.498 

0.498 

0.497 

0.497 

0.498 
0.311 

0.497 

0.311 

0.498 

Zr/Nb RATIO 

CHEM 
ANALYSIS 

2/98 
3/97 

26/74 
15/85 

10/90 

20/80 

10/90 

20/80 

20/80 

4/96 
15/85 

20/80 

20/80 

40/60 

25/75 

30/70 

50/50 

65/35 

SEM'"' 
XEDS 

10/90 

30/70 

50/50 

70/30 

(a) Average of XEDS analysis of 4 areas from 5x5 jum (o 250x250 |um. 
(b) Not enough peaks to determine la(dce parame(ers. 
(c) In (hese samples some ZrOj was also detected. 

It will be noted from Table 5 (Iia( (he finer (subniicron-sized) pardcles are predomiiiaii(l> cubic (Zr,Nb)C 
with reladvely high Zr/Nb rados whereas (he coarser ones (3-5 piii in size) are or(horhoiiibic NI12C wKli quite 
low Zr/Nb rados. This indica(es (ha( as (he Zr/Nb ratio increases, the fraction of the precipitates lliat are 
cubic (ZrJ>Jb)C, i.e. (he relndve amoun( of (hese precipi(n(es in n nin(erinl increnses. 1 his should be desirnble 
as the finer cubic alloy carbide is more stable than (he coarser Nb^C. In fac(, NbjC dissolves with time giving 
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TABLE 5: Results of TEM studies on thiu-fihns of Nb-1 % Zr-0.1%C alloy sheet samples 

SAMPLE 

064A 

064A-DA 

064B-DA 

064C-DA 

PRECU'ITATE 

SIZE(Mm) TYPE 

0.1x0.3 
0.25x0.25 

4 
4 

2.5 
0.3 

0.2x0.3 
0.3x0.4 
0.2x0.3 

4 
4x5 

5 

2x3 
2 
3 

2x4 
0.2x0.3 

NbjC 
NbjC 
Nb^C 
NbjC 
Nb,C 

(ZrJVb)C 
(ZiJSb)C 
(ZrJ^b)C 
(Zr,Nb)C 

NbjC 
NbjC"-' 
NbjC" 

NI)jC 
NI),C 
Nb,C 
Nb^C 

(Zr,Nb)C 

LATTICE PARAMETER (pm) 

Bo bo Co 

1.092 
— 

1.092 
0.468""' 
0.461 
0.458 
0.466 

1.092"" 
0.268 

1.092 
1,092 
— 

1.092 
0.472 

— 
— 
— 
— 

— 

— 
— 

— 

0.309 
«». 

Zr/Nb 1 

4/96 
3/97 
2/98 
2/98 
5/95 

45/55 
40/60 
40/60 
35/65 

2/98 
5/95 
2/98 

2/98 
2/98 
6/94 
5/95 

'" See Figure 9a. "" See Figure 9b. 
'" These precipitates were hexagonal while all other Nb^C were orthorombic. (Zr,Nb)C were cubic. 

way to the fine cubic phase, (Zr,Nb)C, and it is the cubic carbides that provide excellent microstructurnl 
stability nnd creep resistance of these allojs at elevated temperatures as was shown for a Nb-l%Zr-0.06%C 
alloy in an earlier s(Hdy (Uz and TKran 1991). 

From (he resuKs obtained on the phase-extracted residue (see Table 4), the following arc evident: 

The precipi(a(es in bodi (he as-cas( ingot and (he siiigle-ex(ruded sliee( 064A were virtually all coarse 
NbjC, hence (heir analyses yielded nearly all Nb indicadng (lia( Zr was in solid soludon MKII Nb. 
In all (he hea( (rea(ed samples from 064A, wi(h (he exception of 064A-1850/1475, there was an 
increase in (he Zr/Nb rado signaling an increase in (he relndve anioun( of (he (ZrJSb)C. The residue 
from 064A-1850/1475 yielded nearly all Nb and (he X-ray resuKs yielded an ordiorhombic phase widi 
la(tice parameters larger than tliose of Nb^C which is thought (o be (Nb,Zr)2C. 
A compnrison of the samples from 064A, 064B and 064C with similar heat (rea(men(s clearly shows 
that the Zr/Nb ratio hence the relative amount of (ZrJ\b)C increased with the number of extrusions. 
For example, the Zr/Nb ratio increased from nboiit 3/97 in 064A to 15/85 in 064B nnd (o 25/75 in 
064C. Also, (he Zr/Nb rado was nbou( 10/90 in 064A-DA, 40/60 in 064B-DA nnd i( wns nbou{ 60/40 
in 064C-DA. Tliis (rend was also confirmed bj (he XEDS nnnlysis of (he residue on IlKei paper made 
using SEM as can be seen from (he (able. 
As in 064A, (he resuKs of 064B and especially (hose of 064C sliow (ha( (lie hea( (rendiieiK of (he ns-
rolled sheel gnve rise (o n ninrked increase in Zr/Nb rado, ngniii indicating an increase in (he aiiiouid 
of (Zr,Nb)C relative (o Nb2C. In all (liree (ypes of samples studied here, double annealing resulted 
in 2-3 fold increase in the Zr/Nb ratio with respect to the as-rolled material. 
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FIGURE 9. TEM Micrographs and the corresponding Diffraction Pattern for (a) a Smnll {" 0.3 |LIIII) 

Pnrdcle from 064A-DA and (b) a Large (=> 4 |Lim) Particle from 064B-DA. 

The reasoning behind the idendficadon of some of (he ordiorhombic carbides in Tnble 4 as (Nb,Zr)2C nnd 
the cubic monocnrbides as (Zr,Nb)C is as follows: Nb^C is primarily orthorhombic with a, =1.092 nm, 
b„=0.4974 nm and c„=0.309 nm (see Table 3). Also, Zr has a larger a(omic radius (0.158 nm) (han Nb (0.143 
iim). Therefore, as any Zr dissolves in NbjC, one would expect an increase in (he Indice pnrniiie(er of (his 
orthorhombic carbide. Currendy, (he exis(ence of (Nb,Zr)2C is coiijec(ural and solely Ijased on (he above 
because (here is no data available concerning Zr^C. As for the monocarbides, nil of (lieiii have la((ice 
parame(ers that fall between those of NbC (n,=0.447 nm) nnd ZrC (n,=0.470 nm). Hence, (he cubic 
precipi(H(es are believed to be a solid solution of ZrC and NbC or (Zr,Nb)C. The increase in (he ln(dce 
parameter of this precipitate witli increasing Zr/Nb rado also is in agreemen( witli the fact (hat (lie la(tice 
parameter of ZrC is larger (han (ha( of NbC. In a iiia(erial wKli Nb2C, formadon of (Zr,Nb)C or a solid 
soludon of ZrC and NbC upon exposure (o eleva(ed (eiiipern(ures is (heriiiodynamicallj possible because ZrC 
Is more s(able (han NbC a{ (he (empera(ures of iii(eres( (Kubachewski and Alcock 1983). 

The suggestion that some of the relatively coarse Nb^C dissolves and re-forms as the cubic (Zr,Nb)C upon 
heat treadiienl is consistent with (he resuKs of (his sdidy. As processing Ijecame more complex or the heat 
treatment temperature increased, the microstructure showed fewer of the coarser particles and more of (he 
finer ones, and the composidon analysis showed an increase in Zr/Nb rado of (he precipi(a(es. This is also 
coiisis(ent wKh the results of the study on a Nb-l%Zr-0.06%C alloy (Uz and Titran 1991) in whicli (he 
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micros(ruc(ure of a sample (ransformed from one wKh predominandy NbjC (o one wKli (Zr,Nb)C precipi(tt(es 
in the earlier stages of high-temperature exposure with or without applied load as mentioned earlier. 

The results obtained and the observations made in this study show that any of die samples from 064 should 
be as creep-resistant as the lower-carbon alloy under similar or more severe service conditions. The 
assessment of the mechanical properdes and the processiiig-iiiicros(ruc(ure-proper(y reladoiisliip for (he 
samples from (he Nb-l%Zr-0.1%C alloy are par(s of an ongoing investigation. 

SUMMARY OF RESULTS 

The effects of processing (number of hot-extrusions prior (o cold rolling and subseqiieiil lieat treatments) 
on the microstructure of a Nb-l%Zr-0.1%C alloy was investigated. From the results obtained the following 
are evident: 

The precipitates present in (he alloy are (he reladvely coarse oHhorhombic NIJJC wKli or wi(hou( Zr 
dissolved in i( and/or (he much finer cubic (ZrJVb)C. Of (hese precipi(a(es, (he cubic carbides are 
slable and are considered to be responsible for (he excelleid liigli-(empera(ure s(abili(y and creep 
resis(aiice of Nb-Zr-C alloys. 
An increase in (he Zr/Nb rado of (he ex(rac(ed carbides correspcnids (o an increase in (he reladve 
amouiK of (he finer cubic carbides in (he iiia(erial which is of(eii accompanied by a finer 
iiiicros(rHcture. 

~ With the exceptions of 064A-DA. 064A-1850/1475 and 064B-DA tliat were almost fully recrystallized, 
all the processes resulted in microstructures consisting of relatively fine precipi(a(es along (he grain 
boundaries and wKhiii (he grains, bu( (lie grains (hemselves had preferred orien(a(ioii and widely 
varying aspecl ratios. 
Comparison of samples with similar heat (readnents from the single-, double- and (riple-exduded 
shee(s show (hat the Zr/Nb ratio lieiice the amount of (Zr,Nb)C in tlie alloy increased with the 
number of extrusions prior to cold rolling process. This increase was also accompanied by a finer 
microstructure and grains of liigher aspect ratio. 
In a given group of samples (single-, double- or (riple-cxtriided), all of the heal (reatments. in general, 
resuKed in an increase in (he Zr/Nb rado compared (o the as-extruded or as-rolled samples. 

CONCLUSION 

Based on the results of the earlier study (Uz and Titran 1991) on a Nb-l%Zr-0.06%C alloy which showed 
excellent creep resistance and microstriictiiral stability at 1350 K, and an examinadon of (he micros(ruc(ure 
of the Nb-l%Zr-0.1%C alloy in this study, it would appear that the majority of the samples with die heat-
treated conditions from the alloy containing 0.1%C should have as good, if not be((er, higli-(enipera(Hre 
stability and creep resistance than those from the lower-carbon alloy even under more severe service 
conditions. 
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