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THE INFLUENCE OF HEAT TREATMENT ON THE STRUCTURE AND OXIDATION
BEHAVIOR OF Zr-2.5wt%Nb.
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Instituto de Pesquisas Energeticas e Nucleares,
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ABSTRACT
This paper presents the influence of different heat
treatments on the microstructure and isothermal oxidation
behavior of 7r-2.5wt/Nb in oxygen. The quenched structure
consisted of martensitic e<'. Upon tempering the quenched alloy
at 500°C for upto 100 hours.}ng precipitated in the matrix, at
twin and ' needle boundaries. At higher tempering temperatures
Se and after longer periods, Nb ric:h./ﬁ%zr also precipitated.
Specimens slowly cooled from the jgphase showed the least
resistance to oxidation. The oxidation behavior also varied
with the tempering time and temperature. The increased oxidation
rate of specimens tempered at 500° C for 1000 hours or at 600°C,
as compared to those tempered at 500°C for shorter times has
been attributed to formation of Nb containing oxides on the

coalesced Nb rich precipitate and te cracking.

Key words: Zr-2.5wt?Nb,heat treatment, tempering, microstructure,

isothermal oxidation, precipitates.
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INTRODUCTION

The use of zirconium and its alloys in the nuclear industry
is quite widespread and is mainly due to its low absorption
cross section for thermal neutrons and its mechanical properties.
The properties of zirconium alloys in general can be controlled
by heat treatments and there have been many investigations of
phase transformations in zirconium and its alloys.(1,2) The heat
treatment used for streﬁgthening Zr-2.5Wt7%ZNb involves quenching
from the p-phase field followed by tempering in the X -7r + B-Nb
phase region ( see figure 1 ). The microstructural changes
produced by heat treatment of 7r-2.5wt%Nb have been investigated
by many workers.(2,4,5) They observed equiaxed structures upon
annealing, Widmanstdtten structures upon slow cooling from 3-
phase and the precipitation of second phase particles in the
matrix and at grain boundaries upon tempering quenched specimens.
The nature and composition of the precipitates were reported to
vary with the tempering conditions.

The corrosion resistance of Zr-2.5wt%Nb in aqueous and
gaseous media is sensitive to among other factors, the micro-
structure, which in turn is influenced by heat treatment. A
number of studies have revealed that annealing in the (< +3)
phase region, annealing in the g-phase region, slow cooling
through the (¢ + 3)-phase region and just quenching of the alloy
decrease the corrosion resistance of the alloy.(6-11) Cox (12)
and Cowgill and Smeltzer (13) reported slight improvements in
the oxidation resistance upon annealing in the G+/3)-phase field
as compared to quenching from the 3 -phase field. A heat treatment
sequence consisting of quenching from the 3 -phase followed by

a 24 hour anneal at 500° C has been reported to be ideal in terms
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of corrosion resistance. (14) Quenching from the (¢ +/5)-phase

field followed by tempering at 550°C with or without intermediate
cold work has also been reported to render microstructures most
resistent to corrosion.(15) In some other investigations also,
changes in corrosion resistance with tempering conditions have
been reported. (8,14,16) This study, which forms part of an
ongoing programme of investigation of the oxidation/corrosicn
behavior of Zr-base alloys, was undertaken to extend the work of
previous researchers and to throw more light on the influence

of heat treatment on the microstructure and consequently on the

oxidation behavior of commercial grade Zr-2.5wt%NDb.

MATERIALS AND METHODS

The material was a commercial Zr-2.5wt%Nb alloy received
as a 2mm thick sheet.( Analvses for impurities are presented in
Table I.) Kectangular specimens approximately 5mm x S5mm were cut
degreased, sealed in evacuated quartz capsules and given heat
treatments shown in Table II. All the specimens, (except those
for transmission electron microscopy) were prepared under
identical conditions to minimize the influence of surface
preparation. Standard metallographic techniques followed by a
final etch-polish in a 10% HF,25% H2804.30ﬁ }INO3 and balance
water solution were used. Specimens for transmission electron
microscopy (TEM) were also prepared using standard techniques.(17)

The isothermal oxidation measurements on the annealed,
slowly cooled, quenched and quenched-short time tempered
specimens were carried out in the temperature range 350-700° C
for 400 minutes in a constant flux of oxygen. The specimens
tempered for longer times were isothermally oxidized at 600°C

for 400 minutes. The scatter in the oxidation data ( average of

COMISSAO NACION?L DE ENERGIA NUCLEAR/SF - IPEN



3 or more measurements) for specimens heat treated in the same

batch was very small.

RESULTS AND DISCUSSION
Optical Microscopic Observations

The annealed specimen revealed typical equiaxed structure
and B, .. at the grain boundaries. Slow cooling from the 3-phase
resulted in a structﬁre shown in figure 2a.formed by nucleation
of X-Zr at the B erain boundaries and its subsequent growth
to form a Widmanstatten structure. Upon quenching from the 8-
phase,jB transforms to martensitic o' as shown in figure2b. The
structure of the specimen tempered at 500°C for 10 hours revealed
both rounded and slightly elongated precipitates in a martensitic
matrix of «'.( Figure 2c) The precipitates increased in size but
decreased in number with increasing tempering time and were
found to be /BNb ( determined by selected area diffraction -SAD
in the TEM). The specimen tempered at 550°C for 10 hours revealed
fewer but larger ngb precipitates. Prolonged tempering at 550° C

resulted in a structure shown in figure 2d.

Transmission Electron Microscopic Observations

The structure of the quenched specimen was characterized
by internally twinned martensitic « 'needles. The structure of
the specimen tempered at 50000 for 10 hours revealed /SNb
precipitates at the o« needle boundaries ( see figure 3a),at
microtwin boundaries and associated with matrix dislocations.
After longer times at 500° C, very fine aligned precipitates
within the matrix were also observed as shown in figure 3b. Upon
tempering at 550° C and 600° C the average precipitate size

i . i . 5
increased and were present predominantly at« needle boundaries.
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A large number of aligned precipitates at pre-e4isting twin
boundaries vere also observed as shown in figure 3¢ and found
by SAD analysis to be niobiunm rich /SNb' Prolonged tempering
at 550°C and 600°C led to growth of transformed ﬁZr. Similar
observations have been reported by Banner jee et.al.(18)
Polygonization has also been observed upon tempering at 600°C
as shown in figure 3d..Overall, with increasing tempering
temperature and time, a change in the nature and composition

of the precipitate has b@en observed as summarized in Table 13X,

Oxidation Measurements

The results of the isothermal o<idation studies carried
out at 350-700°C with specimens in the different heat treated
conditions are shown in figure 4. At all temperatures, the
annealed specimens exhibited the highest resistance and the
specimens slowly cooled from the B-phase field,the lowest
oxidation resistance as compared to specimens given other
heat treatments. The oxidation behavior of the quenched as well
as the low temperature short time tempered specimens were similar.
Hovever the quenched specimens oxidived to a slightly greater
extent than the tempered specimens at all temperatures. Similar
observations have been reported by Klepfer(9) and Daalgard(14)
for alloys quenched and slowly cooled from the B-phase.

The results of the isothermal oxidation measurements
carried out at 600°C with the 1ong term tempered specimens are
summarized in figures 5 and 6. The higher extent of oxidation of
specimens tempered for 10 hours at 500°C as compared to those
tempered for 100 hours at the same temperature can be attributed

) . <A e . : ;
to the presence of large quantities of Fb rich & 1n the former
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upto 168 hours, The oxidation behavior of Specimensg tempered at

550° ¢ and 600° ¢ is different. The Specimens tempereq for 1000

%ng Precipitates aftep prolonged oxidation of Zr-2. 5wt7INb have

of the large Coalesced brecipitateg which oxidize gt a higher

. . 1 g i .
rate than jts Surrounding Or «-r andg also to O0xXide Cracking.

CONCLUSIONB

l. Slow Cooling of 2r—2.5wtfﬂb Irom the}S—phase fielq £gives rise
to microstructureﬁ revealing large precipitates.some of vhich
are found located gt grain boundaries. This type of micro-
structure has been found.to be relateq to low o<idation
resistance.

2. Upon tempering quencheq alloy at 500° ¢, depending on the
tempering time, brecipitation of/SNb occurs in the matri.,
at «' grain boundarieg and at twin boundarjeg, AlTter longer
times ang at higher temperatures }??r also Precipitateg and

the Precipitates Coalesce.
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The oxidation behavior at all temperatures varies with the
heat treatment. Annealed specimens showed maximum resistance
where as specimens slowly cooled from the/B-phase the least.
Tempering of the quenched specimen at 500° C increases oxidation
resistance.

Oxidation behavior of the long term tempered specimens are
influenced by the nature, distribution and size of the -
precipitates. Low ' content and even distribution offgmb
precipitates contribute to increasing the oxidation resistance
of specimens tempered at 500" C for upto 100 hours.

The lowerea oxidation resistance of specimens tempered for
long periods at 550°¢ ang 600" C is due to the coalesced
precipitates over which Nb rich oxides are thought to form,
which increase in volume and lead to cracking at the thick/

thin oxide boundary.
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TABLE I. Analyses of impurity content of Zr-2.5wt7%No.
Element ppm(max ) Element ppm(max)
Al b1 Mo <25
B 0.2 N i
g 120 Ni < 35
cd <0.2 0 1010
Co <10 Pb < 50
@r < 50 f Si 43
Cu 25 Sn < 1o
Fe L57 Ta < 200
H %5 i <uo
Hf 26 U 12

Mg <10 v <25
Mn < 25 W <25
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TABLE 1II. Summary of Heat Treatments given to Zr-2 ., 5wt%ZNb

Heat treatment

Conditions

Annealing

500" ¢ for 1 hour.

Quenching

1100° ¢ for lhour followed

by quenching in water.

Slow cooling

1108 ¢ for 1 hour followed

by furnace cooling.

Tempering

Quenching followed by

annealing at (hours)

500" ¢ 550° 6007 C
Iy =
10 10 10
100 100 100
1000 1000 1000
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TABLE S ,
III. Summary of phases and precipitates present in

tempereqd Zr-2 . 5wt%Nb.

Tempering ti
g time | Tempering temperature (°c )
(hours) 500
i 550 600
10 g I
o+ -+ .
Nb Pao ™ Ay | Puw * B
100 '
oK A3 3
JEIN R =<+ B
1000 ‘vz 3
Pup * Py = Bor By
: 7r
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LIST OF LEGENDS.

Figure 1. Equilibrium phase diagram of the Zr-Nb system.(3)

Figure 2. Optical micrographs of Zr-2.5wtZNb:

Figure 3.

Figure

Figure

Figure

Figure

(a) slowly cooled from S-.phase. 600X;

(b) quenched from}ﬁ-phase, 300X ;

(¢) tempered at 500°C for 10 hours, 400%;

(d) tempered at 550° C for 1000 hours, 400X.
Transmission electron micrographs of 7r-2.5wt%Nb

alloy tempered at:

(a) 500°C for 10 hours, 55000X%;

(b) 500° ¢ for 1000 hours, 35000X;

(c) 600" C for 100 hours, 40000X;

(d) 600" C for 1000 hours, 20000X.

Influence of heat treatment on oxidation behavior

of Zr-2.5wtiNb in oxygen at (a) 350 ¢. 400°C; (b)500°C;
(¢) 700 C.

Isothermal weight gain curves at 600°C in oxygen for
Zr-2.5wt%Nb tempered at (a) 500°C, (b) 550°C, (c)600° C.
Weight gain of tempered Zr-2.5wt%Nb at 600°C over

400 minutes versus tempering time.

Scanning electron microgfaph of oxide surface on

Zr-2.5wt%Nb tempered at 600 C for 1000 hours. 3000X.

%
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