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A PRELIMINARY STUDY OF THE AGING BEHAVIOR
OF WROUGHT COLUMBIUM—1% ZIRCONIUM ALLOYS

ABSTRACT

The aging behavior of nine commercial heats of Cb—nominal 1 wt %
Zr alloys was determined at 816°C (1500°F) and 927°C (1700°F) for periods
up to 750 hr through the use of tensile and hardness tests. Several,
but not all, of the alloys responded to heat treatment. It was found that
the aging phencmena were influenced by the preage annealing temperature as
well as the impurity content of the alloys. Higher annealing temperatures
led to more pronounced aging effects. It was found also that the aging or
nonaging behavior of the alloys could be correlated with their oxygen-
nitrogen ratios and to a lesser extent with their oxygen-carbon ratios.
There was a positive correlation between the amount of oxygen added to the
alloy and the tendency for aging to occur. When sufficient oxygen was
added, the aging tendency could be virtually eliminated. No correlation

was found between observed aging effects and surface contamination.

INTRODUCTION

The solubility of oxygen, carbon, and nitrogen in columbium decreases
with decreasing temperature, and therefore, the presence of these impurities
in the metal suggests the possibility of aging phencmena. Moreover, these
impurities in the presence of zirconium as an alloying element would
probably precipitate oxides, carbides, or nitrides of zirconium in preference
to those of columbium, since thermodynamics favor their formation. It is,
therefore, possible that certain combinations of the above elements will
have a significant effect on the mechanical properties of the alloys when
the amounts present exceed the solubility limits.

In the course of the investigation of columbium-base alloys, it was
discovered that a Cb—l% Zr alloy which was held at 927°C for 500 hr in an
argon-filled container exhibited significantly increased strength and
decreased ductility. As a result of this experiment, a series of experi-
ments at varying aging times and temperatures was conducted.

This report summarizes the work completed to date.
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EXPERIMENTAT, PROCEDURE

A1l tensile specimens used in the aging studies were stamped to size
from 0.040-in.-sheet stock. The specimens had a 2-in.-gage length with a
0.25-in. x 0.040-in. cross section. After stamping, the specimens were
vacuum annealed for 2 hr at temperatures ranging from 1200°C (2192°F) to
1600°C (2912°F). The annealing was done in a resistance-heated, tantalum-

>

element furnace under a vacuum of approx 1 x 10 7 mm Hg. After annealing,
the specimens were encapsulated in gquartz tubes under a vacuum of

approx 5 x 10" mm Hg. During evacuation, the tubes were heated with a
hand torch to ensure complete outgassing. The capsules, after sealing,
were placed in furnaces at temperatures of 816°C and 927°C and aged from
25 to 750 hr. After aging, the capsules were quenched in water and then
broken when cool.

To determine the effect of oxygen on the aging behavior of the Cb—1%
Zr alloy, two heats, PGVE and S235C-1, were contaminated with low levels of
oxygen using a modified Sievert's apparatus. A dynamic system was used in
which dried, high-purity oxygen at a pressure of 1 x lO_LL mn Hg was bled
into the reaction tube at 1000°C (1832°F). Specimens were held at these
conditions for 30 min to 2 hr, depending on the amount of contamination
desired. After the oxygen was introduced, the specimens were homogenized
at 1600°C for 2 hr, then aged as described above.

Early tensile tests were conducted on step-loaded creep frames.
However, these had the disadvantages of a nonuniform strain rate and the
inability to record an accurate yield point. Later tests were conducted on
a Baldwin hydraulic testing machine, using 1/4-in.-pin grips and a cross-
head speed of 0.005 in. /min. Duplicate specimensg were run on both the creep
frame and the tensile machine. Good agreement was obtained for the ultimate
tensile strength and ductility of duplicate specimens on both pieces of
equipment.

The test chamber for high-temperature tensile testing consisted of a
2-in., sched-40, Inconel tube with water-cooled end caps. Rubber U-caps
were used to seal the pullrods and the chamber was heated by a Marshall
high-temperature furnace. By using a mechanical pump and diffusion pump,
it was possible to obtain vacuums of the order of 1.5 x lO_LL to

5 X lO—5 mm Hg in the test chamber.
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After the tests were completed, the specimen elongation was measured
by butting the fractured ends together and measuring the total change in
the length of the gage section.

Hardness measurements were made with a Kentron hardness tester with a
diamond pyramid indenter and 500-g load. At least six impressions were made

for each reported point.

RESULTS

Aging Results

Initial aging studies were conducted on two heats of columbium-
zirconium alloys, a Cb—l1.0% Zr alloy (S4KW) from Kennametal, Incorporated,
and a Cb—0.75% Zr alloy (S8FW) from Fansteel Metallurgical Corporation.

All specimens were vacuum annealed for 2 hr at 1600°C before aging.

The results of the room-temperature tensile tests are shown in Fig. 1.
The Cb—O.75% Zr alloy aged at 816°¢c for 25, 50, and 100 hr was weaker than
the same alloy aged at 927°C for the same times. However, after 100 hr the
strength of the alloy aged at 816°C increased and surpassed the strength of
the alloy aged at 927°C which had begun to overage. The strength of the
alloy aged at 816°C reached a maximum after approx 750 hr. The Cb~1.0% Zr
alloy was strongest after approx 175 hr at 927°C. There was a general loss
in ductility with increasing aging time in both alloys.

Figure 2 shows the results of the high-temperature tensile tests on
the aged Cb~l.0% Zr and Cb—0.75% Zr alloys. The curves are essentially the
same as the room-temperature tests except the aging response was much more
drastic. The Cb—O.75% Zr alloy aged and tested at 816°C showed a rapid
increase in strength after 75 hr and it was still increasing after 750 hr.
There was a noticeable loss in ductility with aging time and when compared
with the room-temperature tests.

Figure 3 shows the hardnesses of the Cb—0.75% Zr alloy as a function
of aging time. Note that the shapes of the curves correspond to those of
the tensile-test curves.

Studies were continued with another heat of commercial columbium-
zirconium alloy which had been electron-beam melted and then double arc-
melted. This alloy (PFYU) contained 1.15% Zr. Three sets of tensile
specimens of this alloy were annealed for 2 hr at 1200°C, 1400°C (2552°F),
and 1600°C. These specimens were aged at 927°C and then tensile tested at
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927°C. The results of these tests are shown in Fig. 4. These data indicate
that a 1600°C.solution anneal causes a greater aging effect than either the
1200 or 1400°C anneal. This is presumably due to more material being taken
into solution at the higher annealing temperatures. In all cases there was
a reduction of elongation with increasing aging time.

Figures 5 through 9 show the microstructures of the Cb—1.15% Zr alloy
(PFYU) aged and tested at 927°C after annealing at 1600°C.

Figure 5 shows the as-annealed microstructure. There is some precipi-
tate present in the matrix which may have been formed due to too slow a
cooling rate after annealing. The specimens cooled very rapidly by
radiation to below red heat when the water-cooled resistance furnace was
turned off. However, to cool from red heat, approx 700°C, to room tempera-
ture took from 30 to 60 min depending on the charge size.

Figure 6 shows the microstructure of a specimen aged 50 hr at 927°C
and tested at 927°C. Some precipitate is present in the grain boundaries
of the specimen. However, the matrix precipitate seen in the as-annealed
specimen is absent. This is possibly due to the 927°C aging and testing
temperature being sufficiently high to put the precipitate back into solid
solution. Then, upon quenching, the phase was unable to reprecipitate.

Figure 7 shows the microstructure of a specimen aged 100 hr at 927°C.
Again, some precipitate is present in the grain boundaries. Precipitation
is also taking place in the matrix.

Figure 8 shows a specimen after aging 200 hr at 927°C. The matrix
precipitate has coarsened and some areas around the grain boundaries have
become depleted. There is some evidence of a continuous grain boundary
phase.

Figure 9 shows a specimen after aging 500 hr at 927°C. The matrix
precipitate has continued to coarsen and there is further depletion of
the matrix adjacent to the grain boundaries. The grain boundaries show
an almost continuocus phase.

In this series, all specimens were prepared in the same mount, and

hence, received the same polishing and etching procedure.
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Effects of Surface Contamination

Following the compilation of the foregoing data, the question arose
concerning the role of surface contamination on the strength and ductility
changes of the alloys. 1In an effort to determine the effect of surface
contamination, several experiments were performed.

Three heats of Cb—l% Zr alloy (PFYU, PGTF, and PGVE) were used to
test the effect of machining off the outer layers of the tensile specimens
after aging. Two 0.0LO-in.-thick and two 0.0L5-in.-thick specimens were
stamped from sheets of each heat. These were vacuum annealed for 2 hr at
1600°C and then aged in quartz for 120 hr at 927°C. The 0.0L45-in. speci-
mens were then machined on both sides to 0.0LO in. All specimens were
tensile tested at 927°C. The results are given in Table 1. The machined
specimens of heats PFYU and PGVE showed a slight decrease in tensile
strength, while the tensile strength of heat PGTF did not change as a
result of machining. However, in heats PFYU and PGVE the as-aged ultimate
tensile strength was still significantly higher than when the heat was in
the as-annealed condition. Only heat PFYU showed an increase in elongation
as a result of machining.

Other specimens of heat PFYU were sealed in argon-filled columbium
capsules which were in turn sealed in argon-filled stainless steel capsules.
All welding was done in a controlled atmosphere chamber. The specimens
were aged and tested at 927°C. The results are shown in Fig. 4. It can be
seen that aging has less effect on the mechanical properties of the speci-
mens aged in columbium than on those aged in quartz. The reason for this
is not presently known.

A special heat of Cb—1.25% Zr alloy (S235C-1) which contained less
than 350 ppm total interstitial concentration, was annealed for 2 hr at
1600°C and then aged under three different conditions. Two specimens
were aged in an argon-filled columbium capsule, two were aged in an
evacuated quartz capsule, and two specimens were wrapped in tantalum foil
before aging in an evacuated quartz capsule. All specimens were aged 100 hr

at 927°C and then tensile tested at 927°C. The results are shown in Table 2.
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Table 1. Surface Effects on Tensile Properties
of Aged Columbium-Zirconium Alloys

Ultimate Yield

a Tensile Strength Strength % Elongation in
Heat No. Condition (psi) (psi) 2-in.-gage length
PFYU As annealed 36 Loo - 11
PFYU Aged, unmachined 52 000 - -
PFYU Aged, unmachined 54 000 - -
PFYU Aged, machined 46 520 L 680 9.5
PFYU Aged, machined 47 680 46 470 10
PGTF As annealed 35 500 25 640 10
PGTF Aged, unmachined 30 920 14 890 14
PGTF Aged, unmachined 30 610 17 165 14
PGTF Aged, machined 29 740 19 355 12
PGTF Aged, machined 30 Ths 21 975 11
PGVE As annealed 2L 610 10 Lhs 8
PGVE Aged, unmachined 36 200 30 785 5
PGVE Aged, unmachined 36 200 31 315 6.5
PGVE Aged, machined 33 065 25 605 7
PGVE Aged, machined 33 092 25 855 6

aAll specimens annealed 2 hr at 1600°C. Aged specimens were heat-treated
120 hr at 927°C in evacuated quartz capsules. All specimens tensile tested
at 927°C.
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Table 2. Effect of Various Containers on the Aging

of a Cb-1.25% Zr Alloy

Ultimate
Tensile Yield
Strength Strength % Elongation
Condition (psi) (psi) (2 in.) (2-1/2 in.)
Annealed 2 hr at 1600°C 2L 9hs 11 L6k 12 9.5
Annealed 2 hr at 1600°C 25 390 14 270 8.5 7
Aged 100 hr at 927°C in
argon-filled Cb capsule 34 870 33 095 4.5 4,5
Aged 100 hr at 927°C in
argon-filled Cb capsule 32 165 28 980 b 2.5
Aged 100 hr at 927°C in
quartz capsule 39 980 38 9Lko b 3
Aged 100 hr at 927°C in
quartz capsule 33 715 30 505 5 .5
Aged 100 hr at 927°C
tantalum-wrapped in
quartz 38 960 36 645 5 k4
Aged 100 hr at 927°C
tantalum-wrapped in
quartz 33 920 31 415 3.5 3
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While it is evident that there are slight differences in the strengths and
elongations among the specimens aged in the three different containers,
note that the strengths are from 33 to 65% higher and the ductilities are
from 50 to 65% lower than the as-annealed material.

As a further check for the effect of surface contamination, one set
of specimens from heat PGVE was annealed 2 hr at 1600°C. The specimens
were wrapped in tantalum foil, sealed in evacuated quartz capsules, and
aged as before. These specimens were then tensile tested at 927°C. The
results are shown in Fig. 10 and indicate that the alloy has a definite
aging response. These results show good agreement with the data on heat
PGVE presented in Table 1.

Limited aging tests were run on three other Cb—1% Zr alloys (S24EW,
S15EC, and S16EC). These tests were sufficient to determine that these
alloys did not age.

DISCUSSION

A total of nine different heats of Cb-nominal 1% Zr alloy has been
tested for aging effects. Table 3 lists the alloys with thelr starting
chemical analyses and whether they did or did not exhibit aging.

On comparing the chemical analyses of the different heats, it was
observed by J. R. DiStefano that the heats which had a relatively high
oxygen content did not exhibit aging. On the basis of this observation
it is postulated that the presence of oxygen had an inhibiting effect on
the aging response of the alloys. No correlation has been observed between
the aging effect and any single element other than oxygen. However, corre-
lation can be obtained when the various oxygen, carbon, and nitrogen contents
are listed as ratios of oxygen/carbon and oxygen/nitrogen.

It is believed that a zirconium compound, either zirconium nitride
or zirconium carbide, precipitates at the aging temperature to cause the
observed aging effect and that oxygen acts as an inhibitor of the aging
reaction. The free energy of formation data and diffusion rate constants
favor the preferential formation of zirconium oxide over either zirconium

nitride, zirconium carbide, or columbium oxide, carbide, or nitride.
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Table 3. Chemical Analyses of Aged Columbium-Zirconium Alloysa

N
¥y

0 N c
Heat No. (pp%) (pp%) (ppm)  (wt %) OE/C OE/NE Remarks
PFYU 145 160 210 1.07 0.7 0.9 Definite aging
PGVE 106 115 120 0.98 0.9 0.9 Definite aging
SLKW 200 200 300 1.0 0.7 1.0 Definite aging
$8238C-1 120 85 140 1.25 0.9 1.4 Definite aging
SCFW 260 160 70 0.75 3.7 1.6 Definite aging
S15EC 900 140 170 0.76 5.3 6.4 No aging
PGTF 320 L6 120 1.14 2.7 7.0 No aging
S16EC-1 1300 180 190 0.60 6.8 7.2 No aging
SOLEW 900 100 500 0.77 1.8 9.0 No aging

%Specimens annealed at 1600°C for 1 hr and aged at 927°C.
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In an effort to further correlate the effects of O,, N C, and Zr in

’
the alloys, plots were made of Og/Zr Vs NE/Zr and Og/Zr Vs i/Zr. The plot
for OE/Zr Vs NE/Zr is shown in Fig. 11. It can be seen that the alloys
fall into two different regions of the graph according to whether they did
or did not age. The plot of OQ/Zr vs C/7r follows the same pattern except
for heat S8FW. If it is assumed that this hypothesis is correct, then it
should be possible to add oxygen to the heats which exhibit aging and cause
a decrease in the aging effect. This would have the effect of moving the
alloy from an aging to a nonaging region of the graph.

To test this theory, several oxygen additions were made to heats PGVE
and $235C-1, both of which had exhibited aging. After oxygen contamination,
the speéimens of each heat were homogenized for 2 hr at 1600°C. These
specimens were then tensile tested at 927°C in the annealed condition and
following a 100-hr age at 927°C.

Table 4 and Fig. 12 illustrate the changes in the tensile properties
with the addition of oxygen to the alloys. It should be noticed that the
difference between the yield strengths of the as-annealed and as-aged
specimens shows a drastic decrease with increasing oxygen content. The
elongations of the annealed specimens and the aged specimens tend to
approach a common percentage elongation with increasing oxygen content.
The uncontaminated as-annealed specimens had a fairly high elongation
which decreased slightly with increasing oxygen content, and the uncon-
taminated, as-aged specimens had a low initial elongation which increased
with increasing oxygen content.

The oxygen contents shown in the table and in the figures are the as-
added values of oxygen. These values were calculated from weight change
data after contamination. Chemical analyses made after heat treating
and testing showed that the specimens lost approximately half of their
contained oxygen and carbon, probably during the high-temperature anneal
as carbon monoxide. This loss of carbon and oxygen as carbon monoxide may
be a contributing factor in the decrease in the aging effect.

Referring to Fig. U4, it is noticed that the curve for the specimens
aged in argon-filled columbium capsules is lower than the curve for
specimens aged in quartz. Based on the oxygen effects in the alloys
described above, this difference might be attributed to oxygen contami-
nation of the alloy by the argon or by the columbium capsule. No chemi-
cal analysis was made on the specimens after testing to confirm this

conclusion.
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Table 4, Effect of Oxygen Contamination on the Aging Reaction
in PGVE® and $23SC-1P

As Annealed Aged 100 hr at 927°C Aging Effect
Ultimate % Ultimate % A
(c) Tensile Yield Elon- (c) Tensile Yield Elon~- Ultimate A
Total O Strength Strength gation Total O2 Strength Strength gation Tensile Yield
Heat (ppm) (psi) (psi) (2 in.) (ppm) (psi) (psi) (2 in.) Strength Strength
S238C-1 120 25 167 12 867 10.5 120 39 980 32 220 4,5 + 14 823 + 19 350
S5233C-1 315 23 365 12 875 8.5 347 34 270 30 944 6.0 + 10 905 + 18 069 '
5235C-1 329 23 055 15 230 6.0 339 32 430 27 795 5+5 + 9 375 + 12 565 N
S5233C-1 403 26 475 14 990 6.5 L7 34 165 29 075 Lh,5 + 7 690 + 14 085
S$235C-1 586 26 730 15 120 3.5 595 34 270 22 845 7.0 + 7540 + 7 725 :
S235C-1 777 27 865 1h 755 8.5 800 29 690 17 695 8.5 + 185 + 294
PGVE 110 2Lk 610 10 Lh5 8 110 33 920 28 LL40 6 + 9 310 + 17 995
PGVE 620 32 315 15 820 12 650 29 8L6 -- 4.5 - 2475 --
0, (ppm) N, (ppm) C (ppm) Zr (Wt %)
%ps-received chemical analysis 106 115 120 0.98
bAs—received chemical analysis 120 85 140 1.25

cListed O2 values are by weight change and represent the O2 content before heat treatment.
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CONCLUSIONS

1. The aging phenomena in the Cb—1% Zr alloys were influenced by the
annealing temperature. Higher annealing temperatures led to more pro-
nounced aging effects.

2. No correlation was found between observed aging effects and sur-
face contamination from the experimental containers used or from the
annealing furnace.

3. The aging or nonaging behavior of the alloys could be correlated
with their oxygen/nitrogen ratios and to a lesser extent with their
oxygen/carbon ratios.

4, There was a positive correlation between the amount of oxygen
added to the alloy and the tendency for aging to occur. When sufficient

oxygen was added, the aging tendency could be virtually eliminated.
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