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SUMMARY

A systematic study to evaluate the effects of thermomechanical processing on the microstructure and mechani-
cal properties of Nb-1Zr alloy sheet containing 0.06 and 0.1 wt %C (PWC-11) was conducted and compared to the
results of Nb-1Zr. Coarse orthorhombic Nb,C precipitates were present in all the cast, extruded and cold rolled
Nb-Zr samples containing C. After high temperature (>0.5T,,) exposure (with or without applied stress), the Nb,C
transforms to very fine and extremely stable FCC (Zr,Nb)C dispersoid, resulting in a highly creep resistant material.
Only ZrO, precipitates were found in Nb-1Zr. The creep strength of the 0.06C and the 0.1C carbide strengthened
alloys were much superior to Nb-1Zr. At 1350K the strength of the 0.06C alloy was about three times that of
Nb- 1Zr, while the 0.1C alloy had about five times the creep stress capability of Nb-1Zr. The tensile strength, long
term creep strength, and stability of the microstructure of the PWC-11 sheet appear to be independent of the number
of 1900K extrusions performed prior to cold rolling. The microhardness of these single, double and triple extruded
PWC-11 sheets also were comparable. The tensile strength of PWC-11 and Nb-1Zr at room temperature and 1350K
were comparable.

INTRODUCTION AND BACKGROUND

Power requirements for current and future civil space missions, such as exploration of the Moon and Mars, are
expected to range from hundreds of watts to several megawatts. Advanced nuclear power systems currently appear
to be the only feasible choice to provide such levels of power for the anticipated times. A critical concern is the
selection of appropriate materials to meet the design requirements of the advanced nuclear power systems. These
requirements currently include a service life of 7 to 10 years or more under stresses of 5 to 25 MPa at 1350 to 1450K
in an environment of liquid alkali metals such as lithium and total allowable creep strain of 2 percent maximum
(refs. 1 and 2).

Niobium (Nb)-zirconium (Zr) alloys both with or without carbon (C) are leading candidate materials for such
space power systems based primarily on the resistance of Nb and its alloys to liquid alkali metal corrosion and their
lower densities as compared to other refractory metals and alloys. Initially, the Nb-1 wt % Zr alloy was suggested
for use in space power conversion systems with a service temperature of about 1000K and a maximum stress of
around 10 MPa (refs. 3 and 4). Advanced space power systems, involving higher stresses at higher temperatures for
longer times, require a stronger and more thermally stable material.

Substantial work has been reported on Nb-1Zr-C alloys, especially on a Nb-1Zr alloy containing 0.06C (re-
ferred to as LC in this report) including its microstructure, long-term creep strength, and weldability (refs. 5 to 9).
However, the relationship between processing, microstructure and properties has not been well established for these
alloys.



The present study on PWC-11 (Nb-1Zr-0.1C alloy) is part of the NASA Lewis Research Center’s ongoing
evaluation of Nb-Zr-C alloys. The purpose of this work was to determine if PWC-11 could meet the requirements of
the SP-100 space power system and could replace Nb-1Zr in critical applications. In earlier studies (refs. 5 and 6), a
double-annealed (DA), 1h at 1755K + 2h at 1475K, Nb-1Zr-0.06C alloy was reported to have about three times the
creep life of a similarly heat treated Nb-1Zr alloy when tested at 1350K and 10 MPA. Under these creep test condi-
tions, the alloy containing 0.06 C had no measurable creep strain after 34 500 h, while the Nb-1Zr alloy achieved
2 percent strain in 18 000 h. The Nb-1Zr alloy containing C owes its superior creep resistance to the presence of
extremely stable cubic carbides of Zr and Nb (refs. 7 and 8).

This paper deals with the characterization of the strength and stability of PWC-11 sheet as effected by the
thermo-mechanical processing employed in its fabrication and the subsequent heat treatment prior to its use in
service. In particular, the paper discusses the effects of multiple hot-extrusions prior to cold rolling as well as the
effects of various high-temperature anneals and composition on the microstructure, microhardness, tensile and creep
properties of PWC-11. Results on Nb-1Zr and Nb-1Zr-0.06C alloys are included for comparison purposes and de-
tailed information about them can be found in earlier work (refs. 6 to 8, and 10 to 12).

EXPERIMENTAL PROCEDURE
Materials and Apparatuses

The nominal compositions of the materials evaluated in this study are given in table I. All the alloys were in
1-mm thick sheet form. The PWC-11 samples were all fabricated from a vacuum arc-melted ingot by a combination
of hot extrusion and cold rolling. The extrusion operations were performed at 1900K with an extrusion ratio of 4:1.
The primary difference between 064A, 064B and 064C was that they were, respectively, single-, double- and triple-
extruded prior to cold rolling to 1-mm sheet.

TABLE 1L—CHEMICAL OOMPOSITIONS OF DOUBLE-ANNEALED
(DA:1Hat1755K +2Hat 1475 K)

Nb-1Zr AND Nb-1Zr-C ALLOYS.

Sample Material Chemical composition
identification

o N c | Zr Nb

Nb-1Zr Nb-1Zr 0.0170{0.0041(0.0016| 1.1 |Balance
LCDA Nb-1Zr-0.06C| 0.0080{0.0053|0.06300.90
064A-DA PWC-11 0.0028|0.0019|0.0921|0.95
064B-DA PWC-11 0.0033/0.0022|0.0914 | 0.95
064C-DA PWC-11 0.0022|0.0009|0.0944 | 0.95

*Inert-gas fusion method.
®Combustion extraction method.
“Inductively-coupled plasma method.

An internally-loaded, constant-load, ultrahigh vacuum chamber was used for the creep tests. It is equipped with
split-sleeve resistance heaters (ref. 11) and a viewing port to facilitate optical creep measurements. Ultrahigh
vacuum chambers were also used for all the heat treatments. The pressure in these high-temperature chambers dur-
ing testing was of the order of 1075 Pa. A screw-driven tensile testing machine was used for both the room and high
temperature tensile tests. Temperatures were measured using an R-type (Pt/Pt-13 percent Rh) thermocouple and was
maintained within £5° of the intended test temperature. A microhardness tester equipped with a diamond pyramid
indentor and a digital processor/printer was used for the hardness measurements.



All the testing and evaluation in this study were conducted in the longitudinal (parallel to rolling) direction of
the sheet. First, all specimens were chemically cleaned in a solution of 3H,O:1HNO3: 1HF by volume. Next, all
specimens were wrapped in chemically-cleaned tantalum foil prior to heat treating and again before high tempera-
ture testing. The creep and tensile test specimens were similar in geometry. A sketch of a typical test specimen is
shown figure 1.
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Figure 1.—A schematic of the specimens used in tensile and
creep tests.

Fiducial marks were placed 25 mm apart in the gage section of each specimen for measurement of elongation.

All sheet samples were examined in both the as-polished and the etched condition by light microscopy and
scanning electron microscopy (SEM) for precipitate morphology and grain size. Phase extraction was performed on
each specimen listed in table I. The residue obtained from each was analyzed by (1) x-ray spectroscopy for precipi-
tate identification and (2) an inductively-coupled plasma (ICP) method for Nb and Zr contents. The double-annealed
PWC-11 samples were also examined by transmission electron microscopy (TEM) to verify the results from X-ray
analysis of the residue. Energy-dispersive X-ray spectroscopy (XEDS) using SEM was also performed on various
residue samples to verify the trends observed from the ICP results.

RESULTS AND DISCUSSION
Creep properties

Uniaxial creep tests were conducted on 1-mm thick sheets of Nb-1Zr, Nb-1Zr-0.06C, and PWC-11 at 1350 and
1450K as shown in table II. The pertinent results of table II are the final creep strain, the linear strain rate, and a
power law extrapolation of the time to achieve 1 or 2 percent total creep strain. One sample from each of the 064A-
DA, 064B-DA and 064C-DA (see table II) was creep tested at 1350K and 34.5 MPa. The test results indicate that
PWC-11 has a creep rate about one-third that of the LC alloy and more than an order of magnitude less than Nb-1Zr.
At 1350K a trend may exist that creep resistance decreases as the number of extrusions increased. However the re-
sults of an ongoing test at 1450K and 24 MPA on PWC-11 suggests the opposite with sample 064C being the most
creep resistant. It is evident from the creep data presented here that the carbide strengthened Nb-1Zr alloys have
much better creep resistance than the solid solution-strengthened Nb-1Zr alloy at 1350K, which should also hold at
1450K as well. This is to be expected because of the presence of extremely stable cubic carbides of (Zr,Nb)C which
were shown to form during testing mainly as a result of transformation from Nb,C (refs. 8 and 12). It is also obvious
from the results that increasing the carbon content from 0.06 to 0.1 percent gives rise to a marked increase in the
creep resistance of the alloy.



TABLE I1.—RESULTS OF CREEP TESTS AT 1350 AND 1450K FOR Nb-1Zr AND Nb-1Zr-C ALLOYS

Sample Test conditions Test results Time to strain®
Time, T, s, | Total® Linear® 1 percent, 2 percent,
h K MPa | percent € (hh) 10%h 10%h
Nb-1Zr-DA 31,780 | 1350 10 4.06 (1440.07)x10° 7.1-72 14.2-144
and (18)*
LC-DA 34,500 | 1350 10 e e e e
LC-DA 32,500 | 1350 10 01 (3.240.56)x 10° | 266-378 532-756
Nb-1Zr-DA 218 | 1350 | 345 5.18 (233+2.3)x10° | 0.04-0.05 0.08-0.10 (0.125)¢
(0.075)¢
LC-DA 4,288 | 1350 | 345 1.65 (39.7£5)x10° 2.30-2.90 4.6-5.8
(3.2)¢
064A-DA 18,780 | 1350 | 345 0.29 (11.6£1.7)x10° | 75.2-101 150.4-202
064B-DA 15,460 | 1350 | 345 021 (1410.8)x10* 67.5-75.5 135-151
064C-DA 9,950 | 1350 | 345 0.27 (1741.1)x10* 55-63 110-126
064A-DA* 11,800 | 1450 24 0.82 (64+2)x10° 15.2-16.2 304-324
064B-DA* 10,000 | 1450 24 029 (16.1£2.5)x10° | 53.5-73.5 107-147
064C-DA* 11,100 | 1450 24 0.16 (9.741.4)x10° 90-120 180-240

*Creep test in progress

®Steady-state creep rate as calculated from the slope of the strain versus time plot.
“Estimated using the linear strain rate in column 6.

YExperimental times as observed during the creep test.

“This sample had no measurable strain at the conclusion of the creep test.

Tensile Properties

Duplicate tensile tests on 064A-DA, 064B-DA and 064C-DA specimens were conducted at 300 and 1350K.
The cross-head speed during these tests was about 21x107% m/s which corresponds to a strain rate of about
8x10~* 57! assuming that the deformation was restricted to the 25-mm gage section of the sample. The tensile prop-
erties, ultimate tensile strength (UTS), 0.2 percent offset yield strength (YS), ductility (¢) and uniform elongation
(gy) were determined from a load-time plot and are reported in table III. The results indicate that multiple extrusions
did not have a significant effect on the tensile strength of PWC-11. It is noteworthy that the tensile strength of
Nb-1Zr is about equal to PWC-11.

Microhardness

Vickers hardness measurements were made on all of the PWC-11 samples listed in table I and are reported in
table I'V. Microhardness measurements were made on PWC-11 sheet in the as-rolled and double-annealed (DA)
conditions as well as on their creep stressed section (M) and creep stress free end (E) section. The results show that
in a given condition, the microhardness of the specimens from the single-, double- and triple-extruded sheet fall
within about one standard deviation of one another. This indicates that the number of extrusions given prior to cold
rolling did not have a residual effect on the microhardness of these samples regardless of the condition.



TABLE [II.—RESULTS OF TENSILE TESTS ON SAMPLES FROM
NB-1ZR AND NB-1ZR-0.1C SHEETS AT 300 AND 1350K.

Sample Test conditions Test results
Temperature, | ¢ x10*, | UTS, | 0.2 percent €, €
K 1/sec® | MPa YS, percent® | percent®
MPa

Nb-1Zr* 300 4 224 127 41 26
1350 4 126 76 33 18
064A-DA 300 8.33 2639 108.1 358 248
1350 8.33 1263 88.1 421 149
064B-DA 300 833 257.3 1054 352 244
1350 8.33 1159 84.1 396 13.1

064C-DA 300 8.33 2810 1342 28.1 19.8
1350 8.33 1349 113.1 240 53

*From Reference [10].
*Based on the assumption that the elongation was restricted to the 25-mm gage
region.

TABLE IV —MICROHARDNESS OF PWC-11

(Nb-1Zr-0.1C) SHEET SAMPLES.
Sample Vickers hardness Standard
number deviation
(VHN) +5,
064A 179.1 58
064A-DA 104.0 40
064A-DA(E) 90.3 4.6
064A-DAM) 112.2 10.1
064B 163.0 10.0
064B-DA 95.5 9.1
064B-DA(E) 101.9 10.7
064B-DAM) 128.3 38
064C 157.5 6.5
064C-DA 104.0 5.2
064C-DA(E) 100.4 54
064C-DA(M) 112.9 43

Double-annealing (DA) resulted in a decrease of about 40 percent in the microhardness of each sample. The stressed
middle of each sample had a slightly higher microhardness than its stress-free ends. This is believed due to the strain
induced in the reduced gage section of the crept sample even though the total creep strain in each was extremely
small. It is very interesting to note from the results that prolonged exposure to 1350K for approximately 10 000 to
19 000 h had no measurable effect on the microhardness of the double-annealed samples. This is attributed to the
predominant presence of the extremely stable and finely-distributed cubic carbides of (Zr,Nb)C in the crept samples.

Microstructure

The microstructure of the PWC-11 was studied at all stages of its processing, heat treatment and after testing
(ref. 12).

As-Received-Samples.—The as-cast, as-extruded and as-rolled materials yielded microstructures which were
typical of their respective processed condition. Coarse needle-like precipitates were distributed throughout the



matrix and somewhat continuously along the grain boundaries of the cast sample. Most of these precipitates were
over 10 pm along their major axis. The 4:1 extrusion at 1900K caused the precipitates to break down, and align in
the extrusion direction; however, needle-like precipitates, similar to those in the as-cast sample, were also present.
The cold-rolled samples had microstructures with highly-deformed grains and precipitates aligned in the rolling
direction. The precipitates were more discrete and circular, and varied in size from less than 1 um to over 5 pm. It
was evident that marked changes in precipitate morphology and distribution took place during the operations used in
sheet fabrication.

Annealed Samples.—The microstructure of LC-DA appeared recrystallized. The grains were nominally
equiaxed with an aspect ratio of less than 2 and an average grain size of about 25 pm. Noticeable differences among
the microstructures of the double-annealed samples from the single-, double- and triple-extruded PWC-11 sheets
were evident. Both 064A-DA and 064B-DA had relatively equiaxed grains with an aspect ratio of less than 3 indi-
cating full recrystallization, but 064C-DA had mostly elongated grains with aspect ratios varying from 1 to nearly
10. The average grain size of these samples were approximately 30, 40 and 75 pm for 064A-DA, 064B-DA and
064C-DA, respectively. These observations indicate that the degree of recrystallization and average grain size in-
creased with increased number of extrusions. This may be due to the marked difference in the percent cold work
(%CW) in the as-rolled PWC-11 sheets. The %CW in 064C (66 percent) was much smaller than that in either of the
064A and 064B (96 and 88 percent, respectively). This could lead to lower nucleation sites and less driving force for
recrystallization. Regardless of the apparent differences in grain size, the precipitates, varying in size (from 1 to
about 5 um), were finely distributed throughout the matrix and along the grain boundaries in all the samples.
Precipitates appeared to be more abundant in the PWC-11 samples than in the LC samples.

Crept Samples.—Figures 2(a) to (d) shows the microstructures of the stressed gage sections of samples LC-DA,
064A-DA, 064B-DA and 064C-DA. The microstructure of the gage and stress-free end sections of each sample
were similar (ref. 12). This was not unexpected, because the total strain in each of the crept samples was negligibly
small (< 0.3 percent).

30 \

Figure 2.—Microstructure of the gage sections of the samples after creep testing at 1350 K and (a) 10 MPa for 34 500 h
(LC-DA), (b) 34.5 MPa for 18 780 h (084A-DA), (c) 34.5 MPa for 15 460 h (084B-DA), (d) 34.5 MPa for 9950 h (064C-DA).
All were as-polished and etched, DIC.

The grain size of these samples did not change significantly as a result of creep testing. Even sample LC-DA ex-
posed at 1350K for over 34 000 h with or without the applied stress did not change, which indicates the excellent
high-temperature stability of the Nb-1Zr-0.06C alloy.

SEM was used to verify the presence of precipitates. Results of back-scattered electron images showed that the
precipitates were carbides of Nb and/or Zr. The carbides varied in size, and were rather coarse and somewhat con-
tinuous along the grain boundaries before creep testing, however, they were a 1 pm diameter or less and finely-
distributed throughout the matrix after testing.



Phase-Extracted Residue

The results of the analyses of the phase-extracted residue from each sample are tabulated in table V. The pre-
cipitates in the as-cast ingots and the as cold rolled 1-mm sheet of the Nb-1Zr-C alloys were orthorhombic Nb,C,
and the residue analyzed nearly all Nb. In the double-annealed (DA) samples, some cubic phase, (Zr,Nb)C was de-
tected together with Nb,C, and this was accompanied by a very small increase in Zr/Nb ratio. The only phase de-
tected in the crept samples was (Zr,Nb)C with a Zr/Nb ratio of greater than 1. The lattice parameters, a,, of the cubic
phase in table V, 0.450 to 0.468 nm fall between the a, values of NbC (=0.447 nm) and ZrC (=0.470 nm). It is likely
that the cubic precipitates identified are solid solutions of NbC and ZrC. As the phase transformation from Nb,C to
(Zr,Nb)C increased, the Zr/Nb ratio in the residue of a sample also increased and was generally accompanied by an
increase in the a, value of the cubic carbide.

TABLE V—RESULTS OF THE ANALYSIS OF PHASE-EXTRACTED RESIDUE FROM
Nb-1Zr-0.06C (LC) AND PWC-11 (Nb-1Zr-0.1C)

064 SAMPLES.
Sample X-ray Analysis Zi/Nb RATIO
Phases Lattice parameters (nm)| Chemical | SEM®
analysis XEDS
& by G
IC No,C | 1.092 | 0.480 | 0.311 1/99
(Zt,Nb)C | 0.468
LC-DA No,C | 1.092 | 0.480 | 0.310 | 4/96
(@r,Nb)C | 0.458
LC-DAIXE) (Zr,Nb)C | 0.465 72127
LC-DAIOM) (Zr,Nb)C | 0.464 63/37
| LCDA/AGE (Zr.Nb)C | 0.460 38/62
LC-DA/AGE(E) @r.Nb)C | 0.465 60/40
LC-DAAGEM) | (Zr.Nb)C | 0.465 56/44
064-INGOT Nb,C | 1.092|0.480| 0310 | 2/98
| 064A No,C | 1092|0497 | 0311 | 3/97
‘ (Zr,Nb)C | 0.453
| 064A-DA No,C | 1.090 |0.480 | 0.299 | 10/90
i (Zr.Nb)C | 0.450 11/89
| 064A-DA(E) (Zr,Nb)C | 0.454 58/42
| 064A-DAM) (Zr.Nb)C | 0.454 54/46
064B No,C | 1.090 | 0.499 | 0.311 | 14/96
(Zr,Nb)C
- 064B-DA No,C 37/63
i 2ZsNb)C | 0.459 30/70
| 064B-DA(E) (Zr.Nb)C | 0.456 63/37
| 064B-DAMM) (Zr.Nb)C | 0.454 57/44
064C Nb,C | 1.090 | 0.497 | 0311 | 25/75
(Zr,Nb)C
 064C-DA (Zr,Nb)C | 0.459 63/37 | 71729
" 064C-DA(E) (Ze,NBYC | 0.459 ' 7228
064C-DA(M) (ZrNb)C | 0.458 i 8s/15

*Average ofranalysis of 4 areas ranging in éiie 250 X250:ﬁmtbsx5m



CONCLUSIONS

Microhardness, tensile and long-term creep behavior of PWC-11 sheet with different processing histories were
studied. The sheets studied were fabricated by cold rolling following single, double or triple extrusion operations at
1900K. The purpose was to determine the effects of thermomechanical processing on the properties and to assess
the feasibility of the use of these materials in advanced power system applications. From the results obtained in this
study on the Nb-1Zr-0.1C sheets and the previous results on Nb-1Zr and Nb-1Zr-0.06C sheets, the following con-
clusions could be drawn:

1. At 1350 to 1450K the carbide-strengthened alloys containing 0.06 or 0.1 percent C are much more creep resis-
tant than the solid-solution strengthened Nb-1Zr due to the presence of the extremely stable fine carbides of Zr and
Nb, (Zr,Nb)C.

2. The samples from the single-, double- and triple-extruded PWC-11 sheets (064A-DA, 064B-DA and 064C-
DA, respectively) have more than adequate creep and tensile strength and ductility for the intended advanced power
applications.

3. Multiple extrusions appear to have very little, if any, beneficial effect on the creep behavior of the PWC-11
sheet at 1350 K

4. The number of 1900K extrusions prior to cold rolling does not have a significant effect on the microhardness
of PWC-11 sheet in the as-rolled, or double-annealed condition. Microhardness decreases (=40 percent) signifi-
cantly upon double annealing, but is not affected by subsequent exposure to 1350K for as long as 19 000 hr.
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times the creep stress capability of Nb—1Zr. The tensile strength, long term creep strength, and stability of the microstruc-
ture of the PWC-11 sheet appear to be independent of the number of 1900K extrusions performed prior to cold rolling.
The microhardness of these single, double and triple extruded PWC-11 sheets also were comparable. The tensile strength
of PWC-11 and Nb-1Zr at room temperature and 1350K were comparable.
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