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The Influence of Tempering Time and
Temperature on the Structure and Oxidation
Behavior of Zr-2.5wt%Nb *

L.V. Ramanathan and I. Costa”

ABSTRACT

The influence of tempering beta-quenched commercial grade Zr-
2.5wt%Nb alloy at 500, 550, and 600°C for 10, 100, and 1000
hours on its microstructure and isothermal oxidation behavior at
600°C in oxygen has been investigated. Upon tempering at 500°C
for up to 100 hours By, precipitated in the matrix at martensitic o’
needle boundaries, and at the twin boundaries. At higher temper-
ing temperatures and after longer periods Nb-rich (3, also precip-
itated and coalesced. The oxidation rate was found to change
with tempering time and temperature. The oxidation resistance of
specimens tempered at 500°C for up to 100 hours was found to
be higher than that of the as-quenched specimens. However,
specimens tempered at 550°C for 1000 hours or at 600°C oxi-
dized at a higher rate. This increase in rate has been attributed to,
formation of Nb-containing oxides on the coalesced Nb-rich pre-
cipitates, creation of weak oxide boundary zones, and localized
failure in the oxide film.

INTRODUCTION

Zirconium-base alloys have found applications in the nuclear in-
dustry as a result of having the desired combination of mechanical
properties and neutron absorption cross-section. Among these al-
loys, Zr-2.5wt%Nb has been used for pressure tubes and other
reactor components. Since the properties of zirconium alloys in
general can be controlled by heat treatments there have been
many studies about phase transformations in the Zr-Nb system.'5
The heat treatment that has been used for strengthening
Zr-2.5wt%Nb involves quenching from the B-phase field followed
by tempering. (See Figure 1.)® The microstructural changes pro-
duced by this heat treatment have been investigated by many
workers.”® They observed that upon tempering, precipitation of a
second phase took place in the matrix, at the martensite grain
boundaries and at twin boundaries. The nature and composition of
the precipitates were reported to vary with the tempering condi-
tions.

A number of studies on the influence of heat treatment of Zr-
2.5wt%Nb on aqueous corrosion and gaseous oxidation have re-
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vealed that annealing in the (o + B) phase region, annealing in
the B-phase region, slow cooling through the (« + ) phase re-
gion and just quenching of the alloy decrease the corrosion resis-
tance of the alloy.'®'® Cox'®and Cowgill and Smeltzer'” reported
slight improvements in the oxidation resistance upon annealing in
the (o + B) phase field as compared to quenching from the g-

phase. A heat treatment sequence consisting of quenching from

the B-phase followed by a 24-hour anneal at 500°C has been re-
ported to be ideal in terms of corrosion resistance.'® Quenching
from the (« + B) phase region followed by tempering at 550°C
with or without intermediate coid work has also been reported to
render microstructures most resistant to corrosion.*® In some other
investigations, changes in corrosion resistance of the Zr-2.5wt%Nb
alloy with tempering conditions have also been reported.’"82¢
This study, which forms part of an ongoing program of investiga-
tion of the oxidation/corrosion behavior of Zr-base alloys, was un-
dertaken to extend the work of previous researchers and to clarify
the influence of tempering temperature and time on the

microstructure and consequently on the oxidation behavior of com-

mercial-grade Zr-2.5wt%Nb.

MATERIALS AND PROCEDURES

Commercial-grade Zr-2.5wt%Nb alloy sheet containing
~1100 ppm oxygen was cut to give specimens 5 by 5 by 2 mm.
These specimens were sealed in evacuated quartz capsules,
given a solution treatment at 950°C for 30 minutes in the B-phase
and quenched into water. The specimens were subsequently re-
sealed in evacuated quartz capsules, tempered in a furnace with

close temperature control at 500, 550, and 600°C for 10, 100, and 3

1000 hours, and again quenched. All the specimens, for optical
microscopic examination as well as for oxidation measurements,

were prepared under identical conditions to minimize the influence

of surface preparation. Standard metallographic techniques fol-
lowed by a final chemical polish-etch in a 10% HF, 25% H,SO,,
30% HNO; and balance water solution were used. Specimens for
transmission electron microscopic (TEM) investigations were >
chemically polished in the above solution, disks 3 mm in diameter
were punched out and electrolytically thinned to perforation at
—20°C in a 10% perchloric acid, 90% ethanol solution.

Isothermal oxidation measurements on the different tempered

specimens were carried out with a thermogravimetric analyzer at
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FIGURE 1. Equilibrium phase diagram of the zirconium-niobium
alloy system.
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FIGURE 3. Optical micrograph of Zr-2.5wt%Nb alloy tempered at
500°C for 1000 hours (400X).

FIGURE 2. Optical micrograph of Zr-2.5wt%Nb alloy tempered at
500°C for 10 hours (400X).

600°C for 400 minutes. The measurements were carried out in
triplicate. The scatter in the oxidation data for specimens heat
treated in the same batch was very small. The oxidized specimen
surfaces were subsequently examined in a scanning electron mi-
croscope.

RESULTS AND DISCUSSION

Optical Microscopic Observations

The structure of the specimen tempered at 500°C for 10
hours revealed both rounded and slightly elongated precipitates in
a martensitic matrix of o’ as shown in Figure 2. The precipitates
increased in size but decreased in number with increasing temper-
ing time and were found to be By, (determined by selected area
diffraction [SAD] in the TEM) (see Figure 3). Tempering at 550°C
for 10 hours resulted in a structure revealing fewer but larger pre-
cipitates in the matrix. Prolonged tempering at 550°C resulted in a
structure shown in Figure 4, consisting of a light etching phase
distributed in a Widmanstatten pattern in a matrix of the darker
etching 8, phase. Tempering at 600°C for 10 hours produced
coarsening of the matrix and coalescing of the precipitates. After
1000 hours at 600°C, a Widmanstatten structure shown in Figure
5 was produced that is typical of a specimen slowly cooled
through the (o + B) phase field.
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FIGURE 4. Optical micrograph of Zr-2.5wt%Nb alloy tempered at
550°C for 1000 hours (400X).

FIGURE 5. Optical micrograph of Zr-2.5wt%Nb alloy tempered at
600°C for 1000 hours (400X).
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FIGURE 6. Transmission electron micrograph of Zr-2.5wt%Nb alloy tempered at 500°C for 10 hours

(80,000X).

FIGURE 7. Transmission electron micrograph of Zr-2.5wt%Nb alloy tempered at 500°C for 1000 hours

(30,000X).

Transmission Electron Microscopic Observations

The B-quenched specimen structure was characterized by
internally twinned mantensitic o’-needles. Upon tempering at
500°C for 10 hours the structure revealed precipitates at the o'-
needle boundaries (see Figure 6 ) at microtwin boundaries and
associated with matrix dislocations. In the specimen tempered at
500°C for 1000 hours, besides the gross rounded precipitates at
the boundaries, very fine precipitates aligned within the matrix
were also observed as shown in Figure 7. In specimens tempered
at 550 and 600°C, the average precipitate size increased and they
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were present predominantly at a’-needle boundaries. A large num-
ber of aligned precipitates at pre-existing twin boundaries was also
observed as shown in Figure 8 and found by SAD analysis to be
Nb-rich B,. Similar observations have been reported by Banerjee
et al.® Prolonged tempering at 550 and 600°C leads to polygoniza-
tion and growth of transformed B,, The transformation of o’ to «
and the coalescing of the B, precipitates occurs to the extent that
o has been seen to exist in a matrix of B,, as shown in Figure 9.
Overall, with increasing tempering temperature and time, a change
in the nature and composition of the precipitate has been
observed as summarized in Table 1.
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FIGURE 8. Transmission electron micrograph of Zr-2.5wt%Nb alloy tempered at 600°C for 100 hours
(9000X).

ITLRER

FIGURE 9. Transmission electron micrograph of Zr-2.5wt%Nb alloy tempered at 600°C for 1000 hours
(15,000X).

TABLE 1
Phases and Precipitates Present in Tempered Zr-2.5wt%Nb Alloy
Tempering Time Tempering Tomperature (°C)
th) 500 550 600
10 a’ + By a’ + By + Bz o + P + Bz
100 a' + B o + Bz a + Bz
1000 a' + By + Bz a + Bz a + Bz
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FIGURE 10. /sothermal weight-gain versus time curves at 600°C in

O, for Zr-2.5wt%Nb alloy tempered at (a) 500°C, (b) 550°C, and (c)
600°C.

Oxidation Measurements

Figures 10 and 11 summarize the results of the isothermal
oxidation measurements carried out at 600°C with the tempered
specimens. The extent of oxidation of specimens tempered at
500°C for 10 hours is higher than that of specimens tempered for
1000 hours, which in turn is higher than that of the specimens
tempered for 100 hours. This behavior can be attributed to the
higher o’ content in specimens tempered for 10 hours as com-
pared to those tempered for longer times. The o’ content leads to
higher oxidation rate because of the higher Nb content of . Simi-
lar observations were made by Cowgill and Smeltzer.'” Also, tem-
pering at 500°C results in an even distribution of fine precipitates,
which reduces the extent of oxidation. The oxidation behavior of
specimens.tempered at 550 and 600°C is different. The specimens
tempered for 1000 hours oxidize faster than those tempered for 10
or 100 hours. This change in oxidation behavior upon increasing
the tempering temperature is due to both the formation of large
coalesced precipitates and oxide cracking. The coalesced precipi-
tates oxidize at higher rates than martensitic a’ or «-Zr. Morpho-
logical examinations of oxidized specimen surfaces have revealed
regions with thicker oxide and cracks at the thick oxide/thin oxide
boundary. The formation of similar thick oxide spots on By, precip-
itates after prolonged oxidation of Zr-2.5wt%Nb have been
reported and were attributed to the probable transfer of Nb from
the precipitate to the oxide and its subsequent stoichiometric
change to cause a volume increase. In this investigation thick ox-
ide regions were observed after shorter times because of the
higher oxidation temperature. X-ray diffractometry of the stripped
oxide did not reveal Nb, its content being probably below the de-
tection limit of the apparatus. Cowgill and Smeltzer'” have
reported the formation of thick oxides on «-phases and cracks in
the oxide at the o/’ interface. Similar cracks in the oxide have
been observed on specimens tempered at both 550 and 600°C for
1000 hours. (See Figure 12)

Comparison of the oxidation behavior of specimens tempered
at all three temperatures reveals that the extent of oxidation in-
creases with increasing tempering temperature and is attributable
to increased precipitation kinetics. specimens tempered for 10
hours oxidize faster than those tempered for 100 hours at the
same temperature. Similar observations were made by Cox,2° who
found the oxidation rate of Zr-2.5wt%Nb at 300°C in moist air to
decrease with increase in tempering time up to 168 hours at
500°C. The higher oxidation resistance of specimens tempered for
100 hours at all three temperatures as compared to those tem-
pered for 10 hours is due to the higher o’ content in the latter and
the even distribution of fine precipitates in the former. A fine pre-
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FIGURE 12. Scanning electron micrographs of oxide surface on Zr-2.5wt%Nb alloy tempered at (a)

550°C for 1000  hours

(3000X) and (b) 600°C for 1000 hours

(2700X).

cipitate size and even distribution is thought to permit strain acco-
modation between the oxide formed on the precipitate and that
formed on the other areas.

CONCLUSIONS

P During the tempering of B-quenched Zr-2.5wt%Nb alloy, precipi-
tation of second-phase particles takes place. Upon tempering at
500°C, depending on the duration, precipitation of B, occurs in
the matrix, at o’ grain boundaries, and at twin boundaries.

P> After longer tempering times and higher tempering tempera-
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tures, B, precipitates preferentially, the precipitates tend to coa-
lesce, and o’ transforms to a.

P> The oxidation behavior of the tempered alloy is influenced by
the nature, distribution, and size of the precipitates.

P The oxidation resistance of specimens tempered for 100 hours
can be attributed to a lower o' content (as compared to those tem-
pered for 10 hours) and even distribution of fine precipitates.

P Specimens tempered at 550°C and 600°C oxidized to a greater
extent. This is considered to be due to the large coalesced precipi-
tates.
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P The decrease in oxidation resistance of specimens with coa-
lesced precipitates is due to formation of niobium oxides on the
niobium-rich precipitates, subsequent mismatch and cracking at
the dissimilar oxide boundary, and localized failure of the oxide
layer.
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Environmentally Assisted Cracking
of Types 304L/316L/316NG Stainless Steel

in 288°C Water

P.L. Andresen and C.L. Briant*

ABSTRACT

The objective of this study is to identity the causes of intergranu-
lar environmentally assisted cracking in non-chromium-depleted
stainless steels, a phenomenon that has been observed under
irradiated and unirradiated conditions. Special emphasis is
placed on quantifying the possible effects of sulfur, phosphorus,
and nitrogen relative to the effects of chromium depletion and
aqueous impurities in altering both the crack-growth rate and
cracking morphology in 288°C water.

Eleven custom and three commercial heats have been ex-
amined, including several containing exceptionally high sulfur lev-
els. Slow strain rate (SSR) tests on smooth, cylindrical specimens
and fracture mechanics, crack-growth rate tests on 1-T compact-
type (CT) specimens were performed in 288°C water. The result-
ing cracking morphology and crack-growth rate data were inter-
preted using grain-boundary characterization data obtained by
Auger electron spectroscopy and analytical electron microscopy.

In both SSR and CT tests, the amount of intergranular crack-
ing correlated well only with grain-boundary sulfur segregation
and not with phosphorus and nitrogen segregation; however, in
no instance was a statistically significant enhancement in crack-
growth rate observed in the fracture mechanics specimens. The
ability of sulfur to produce intergranular cracking was much

greater in the SSR tests in the potentiostatically controlled, 2.5 pH
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H,SO, than in SSR or CT tests in pure water. Chromium deple-
tion and/or aqueous impurities can have a much more
pronounced effect on crack-growth rates in stainless steels than
grain-boundary segregants. However, effects of these and other
segregants cannot be precluded since, for example: (1) even
small changes in crack-growth rate can be significant in terms of
component lifetime; (2) their role may be more impontant for very
short cracks in the early stages of cracking, where the crack-tip
corrosion potential in oxygen-containing solutions is much more
oxidizing than for long cracks; and (3) despite the use of very
high sulfur levels in this study, the impurity profiles near grain
boundaries resulting from irradiation-induced segregation may
lead to vastly more impurity in the vicinity of the grain boundary.

INTRODUCTION

Over the past two decades environmental cracking of austenitic
stainless steelg in high-temperature water has been the subject of
widespread research, primarily as a resuit of incidents of inter-
granular stress corrosion cracking in light water reactors.’* Crack-
ing was initially attributed to grain-boundary chromium depletion,
which occurs as chromium carbides nucleate and grow in the
grain boundaries. As the carbides grow, the carbon rapidly
diffuses to the carbide/matrix interface and is available to the
growing carbide. Since chromium diffuses much more slowly, it is
drawn from the surrounding material, which then becomes

1
;
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