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Abstract

The hot deformation behavior of b-quenched Zr–1Nb–1Sn was studied in the temperature range 650–1050 �C and
strain rate range 0.001–100 s�1 using processing maps. These maps revealed three different domains: a domain of dynamic
recovery at temperatures <700 �C and at strain rates <3 · 10�3 s�1, a domain of dynamic recrystallization in the tempe-
rature range 750–950 �C and at strain rates <10�2 s�1 with a peak at 910 �C and 10�3 s�1 (in a + b phase field), and a
domain of large-grain superplasticity in the b phase field at strain rates <10�2 s�1. In order to identify the rate controlling
mechanisms involved in these domains, kinetic analysis was carried out to determine the various activation parameters. In
addition, the processing maps showed a regime of flow instability spanning both a + b and b phase fields. The hot defor-
mation behavior of Zr–1Nb–1Sn was compared with that of Zr, Zr–2.5Nb and Zircaloy-2 to bring out the effects of alloy
additions.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

The drive towards improved thermal efficiencies
of nuclear reactor systems requires the use of fuels
with higher burn up, higher coolant temperature
and partial boiling of coolant. The first generation
fuel tube materials like Zircaloys and binary Zr–
Nb alloys have been found unsuitable under the
operational conditions because of irradiation
enhanced corrosion, creep and growth, the irradia-
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tion induced water side corrosion being the life lim-
iting factor of fuel tubes [1,2]. This has led to the
development of new zirconium alloys to meet the
challenges demanded by the enhanced fuel perfor-
mance. The resistance to long term corrosion, lower
irradiation induced growth and creep, and adequate
mechanical properties are some important consider-
ations. In this respect, quaternary Zr–Nb–Sn–Fe
alloys, have shown considerable promise [1–4].
Under pressurized water reactor (PWR) operating
conditions, quaternary Zr–Nb–Sn–Fe alloys per-
form better than both Zircaloys and binary Zr–
Nb in terms of in-pile corrosion, creep and growth
[1–4]. While in-pile corrosion in these alloys is
.
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controlled primarily by the microstructure with
strong dependence on the precipitate type, size
and distribution, the crystallographic texture has
strong influence on hydride orientation, stress cor-
rosion cracking and irradiation creep. It is known
that in addition to chemistry of the alloy, both
microstructure and texture are important in miti-
gating the life limiting factors of in-core zirconium
components.

The hot working parameters such as tempera-
ture and strain rate affect not only the micro-
structure of the product (in fact the scale of
microstructure and basic texture of the finished
tube is determined at this stage) but also its capac-
ity to undergo subsequent cold working operations.
While the microstructure–property correlations in
these alloys have been established in relation to
in-reactor behavior by several investigators [1–4],
limited information is available on the mechanisms
of hot deformation. Further, zirconium alloys, like
titanium alloys, are prone to flow instabilities
during deformation at moderate rates which in
turn are known to cause local changes in micro-
structure.

Several processes such as recovery, recrystalliza-
tion and superplasticity, which occur dynamically
during the hot deformation of zirconium alloys con-
taining both a and b stabilizers have been identified
earlier [5–10]. In these investigations it was found
that the dynamic recrystallization (DRX) of a phase
is the dominant high temperature process during
deformation in both a and a + b phase fields. As
regards the effect of alloying addition on the defor-
mation characteristics, it has been observed that a
stabilizers have virtually no effect on hot deforma-
tion behavior of the a phase while addition of b sta-
bilizers like Nb alter the deformation characteristics
dramatically [5,8,9]. For example, addition of
2.5 wt% Nb lowers the strain rate required for
DRX by two orders of magnitude compared to that
required for DRX of unalloyed Zr.

The aim of the present investigation is twofold:
(i) to study the characteristics of hot deformation
of Zr–1 wt%Nb–1 wt%Sn alloy over a wide range
of temperatures and strain rates with a view to opti-
mize its hot workability and to identify the high
temperature processes that occur dynamically, and
(ii) to compare hot deformation behavior of this
alloy with that of commercially pure Zr, Zr–2.5Nb
and Zircaloy-2 (primarily Zr–1.5Sn) for bringing
out the combined effects of Sn (a stabilizer) and
Nb (b stabilizer) additions.
In this investigation, the hot working characteris-
tics are studied using the approach of processing
maps in the format of dynamic materials model pro-
posed by Gegel et al. [11] and reviewed recently by
Prasad and Seshacharyulu [12]. The basis and prin-
ciples of this approach have been described earlier
and its applications to hot working of a wide range
of alloys have been compiled [12,13]. Here the work
piece is considered as a dissipator of power under
hot working conditions and the total power at any
instant is converted into two complementary forms:
thermal and microstructural which are not recover-
able by the system. The factor that partitions power
between these two is the strain rate sensitivity of
flow stress (m) which is unity for an ideal linear dis-
sipator. The efficiency of power dissipation g of a
non-linear dissipator is expressed as [12]

g ¼ 2m
mþ 1

: ð1Þ

The variation of the efficiency of power dissipa-
tion plotted as a function of temperature (T) and
strain rate (_e) is known as power dissipation map
and represents the pattern in which power is
dissipated through microstructural changes. The
three-dimensional variation is better viewed as an
iso-efficiency contour map sectioned parallel to the
_e–T plane. Over this variation is superimposed a con-
tinuum instability criterion for identifying regimes of
flow instabilities, developed on the basis of extre-
mum principles of irreversible thermodynamics as
applied to large plastic flow [14]. The criterion is
given in the form of another non-dimensional
parameter [12,15] called instability parameter n:

n ¼
o ln m

mþ1

� �
o ln _e

þ m: ð2Þ

Flow instabilities are predicted when n < 0 and
must be avoided during processing. These two
maps together constitute a processing map which
exhibits domains within which specific microstruc-
tural mechanisms operate as well regimes where
there will be flow instabilities like adiabatic shear
band formation or flow localization. This method
has been found very effective in delineating the
range of strain rates and temperatures over which
a specific mechanism dominates despite several met-
allurgical processes occurring simultaneously during
hot deformation [6]. Another advantage of this
approach is that prior knowledge or evaluation of
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the atomistic mechanisms is not required. This
method has been used extensively to model hot
deformation of several zirconium alloys [6].

2. Experimental

The alloy studied here was obtained from
Nuclear Fuel Complex, Hyderabad, India, in the
form of extruded and cold drawn rods with nominal
composition (wt%) of Zr–1Sn–1Nb–0.1Fe–0.12O
(henceforth referred to as Zr–Nb–Sn alloy). The
a! a + b and a + b! b transformation tempera-
tures of this material as determined by a dilatometer
were 710 �C and 960 �C, respectively. Prior to test-
ing the specimens were heat treated at 1020 �C (in
the b phase field) for 30 min in quartz tubes sealed
under helium pressure and water quenched. The
quenching resulted in an acicular morphology of
a 0 martensite (transformed b) as shown in Fig. 1.
On heating to various testing temperatures in the
a + b range the volume fractions of both a and b
phases change with temperature. Cylindrical speci-
mens of 10 mm diameter and 15 mm height were
machined such that the compression axis of the
specimens was along the extrusion direction. A
0.8 mm diameter hole was drilled on the surface of
the specimen for the insertion of a thermocouple.
This thermocouple was also useful in measuring
the adiabatic temperature rise during deformation.
Hot compression tests were conducted in a matrix
of nine temperatures in the range 650–1050 �C and
six strain rates in the range 0.001–100 s�1. To
achieve a constant true strain rate during deforma-
Fig. 1. TEM micrograph of Zr–Nb–Sn alloy on b-quenching.
The plate type morphology of a0 can be seen in transformed b
microstructure.
tion, tests were performed on a computer-controlled
servohydraulic machine. The temperature control
was within ±2 �C and the adiabatic temperature rise
during compression was measured with the help of a
transient recorder. The specimens were coated with
borosilicate glass powder which acted as lubricant
as well as a protective cover of the specimen against
oxidation at high temperatures. Concentric grooves
of about 0.5 mm depth were engraved on the speci-
men faces to facilitate the retention of the glass
lubricant. The specimens were compressed to about
half their height and water quenched rapidly from
the test temperature. The deformed specimens were
sectioned parallel to the compression axis and
metallographic investigations were carried out using
standard techniques. The grain size was determined
by linear intercept method. TEM specimens were
prepared by jet polishing using a solution of metha-
nol, perchloric acid and n-butanol at �40 �C. Ten-
sile ductility of the material in the temperature
range 650–1050 �C was measured on cylindrical
specimens with 4 mm diameter and 25 mm gauge
length and at a nominal strain rate of about
0.001 s�1 in a screw driven universal testing
machine.

The load–displacement data obtained from com-
pression tests were processed to obtain true stress
(r) vs. true plastic strain (e) curves using standard
equations. The true plastic strain was obtained by
subtracting the elastic strain components of speci-
men and load train of test machine from the total
strain. The variation of r with T and _e was obtained
from the r–e curves. These data were corrected for
the adiabatic temperature rise by using linear inter-
polation of logr vs. 1/T plot. On the basis of the
corrected flow stress data, the processing maps were
developed using the following computational proce-
dure: logr vs. log _e was fitted using a cubic spline
function and the m was calculated as a function of
_e. This was repeated at different temperatures. The
efficiency of power dissipation g was then calculated
from a set of m values as a function of _e and T and
plotted as an iso-efficiency contour map in the _e–T
plane.

3. Results and analysis

3.1. Flow stress behavior

The r–e curves at various strain rates corre-
sponding to 800 and 1050 �C are shown in Fig. 2.
These are representative of the deformation
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Fig. 2. Flow curves of Zr–Nb–Sn alloy deformed in compression at different strain rates for: (a) 800 �C in the a + b phase field, (b)
1050 �C in the b phase field.

Table 1
Flow stress values (MPa) of b-quenched Zr–Nb–Sn alloy at
various strain rates and temperatures for a true strain of 0.5

Temperature
(�C)

Strain rate (s�1)

10�3 10�2 10�1 100 101 102

650 124.0 204.6 256.8 305.7 336.0 422.0
700 74.4 123.8 174.7 235.5 302.5 353.2
750 49.7 81.1 121.4 187.4 247.4 293.8
800 33.7 58.4 94.7 132.5 188.9 232.7
850 17.2 36.0 57.0 99.2 119.6 155.2
900 11.8 19.2 30.1 45.7 71.0 89.8
950 6.0 12.7 19.1 32.3 50.7 74.8
1000 6.5 11.1 18.8 28.4 45.1 54.4
1050 6 9.8 16.7 25.9 41.6 55.3
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behavior of the two phase a + b regime and the
single phase b regime, respectively. At 800 �C in
the a + b phase field and _e < 1 s�1, the flow curves
exhibits continuous flow softening after a peak
stress; the extent of softening decreases with increas-
ing strain rate (Fig. 2(a)). This behavior is similar to
that exhibited by many Ti and Zr alloys during
deformation in the a + b phase field with a trans-
formed b microstructure and this is considered to
be a typical flow behavior [6,16,17]. It is well known
that these flow curves tend to reach steady state at
larger strains. In contrast to these, deformation in
the b phase field shows a steady state flow behavior
at _e < 1 s�1 as shown in Fig. 2(b). This behavior is
again a characteristic feature of deformation in sin-
gle phase b of zirconium and titanium alloys [7,18–
20]. In the predominantly a phase (i.e. below
a! a + b transformation temperature), the r–e
curves up to 700 �C and _e < 1 s�1 exhibited flow
softening after a peak stress followed by a steady
state behavior at large strains (>0.5). At _e P 1 s�1

and at all temperatures of testing, oscillatory flow
curves indicating inhomogeneous flow behavior
were obtained. Similar oscillatory flow curves have
also been reported in various Zr alloys at _e > 1 s�1

[5–10]. Table 1 gives the r, _e, T data at e = 0.5.
The r values listed in the table have been corrected
for adiabatic temperature rise for _e P 1 s�1.

3.2. Power dissipation and instability maps

The processing map, obtained as described ear-
lier, for the Zr–Nb–Sn alloy at e = 0.5 is shown in
Fig. 3. This reveals two domains: domain D1 at
low strain rates in the temperature range where
the a phase is the dominant constituent, and domain
D2 encompassing almost the entire a + b range and
a part of the b range (i.e. from 750 to 1010 �C),
occurring at _e < 2� 10�2 s�1. Here g reaches two
local maxima, one with a peak of 40% occurring
at 650 �C and 0.001 s�1 and other with a peak of
43% at 900 �C and 0.001 s�1. This suggests that
two different deformation mechanisms may be
involved in these domains. However, it may also
be noted that the domain D2 closes at 1030 �C
which is beyond a + b! b transformation temper-
ature of this material (960 �C). In this temperature
range the alloy exists as a + b (volume fraction of
each phase varying with temperature) below
960 �C, and a single phase b above this temperature.
It is likely therefore that within the temperature
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Fig. 3. Processing map of Zr–Nb–Sn alloy at a strain of 0.5
showing iso-efficiency contours and the instability regime. Con-
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bound of this domain the alloy may exhibit a variety
of deformation mechanisms with similar power
dissipation characteristics. The map shows a large
regime of flow instability spanning both a + b and
b phase fields. The first regime of instability for
the alloy under investigation occurs within the tem-
perature range 650–850 �C and _e > 0:01 s�1 and the
other is located at upper right hand corner within
the b phase field and at _e > 10 s�1. Since the r–e
plots (Fig. 2) show that the material is in steady
state at e = 0.5, this map can be taken as representa-
tive; maps at other strains were not significantly dif-
ferent. In the following an attempt is made to
identify the mechanisms occurring within the above
domains on the basis of the microstructural features
recorded on the deformed samples, observed varia-
tion of flow parameters and tensile ductility.
3.3. Deformed microstructure

The optical micrographs of the alloy deformed in
the a + b phase field to e = 0.7 are shown in
Fig. 4(a)–(c). These reveal significant modification
of the starting microstructure and exhibit equiaxed
morphology of a phase separated by transformed
b phase. It has been found that the a grain size var-
ies with strain rate and temperature of deformation.
However, a/b boundaries are not clearly visible
under the etching conditions. A transmission elec-
tron micrograph of a specimen deformed at
750 �C and at 10�3 s�1 is shown in Fig. 4(d). The
microstructure is characterized by a morphology
consisting of equiaxed a grains with b phases at
the triple junction of a grains. This microstructure
is representative of all the deformed structures
within a + b phase field of the domain. When defor-
mation is carried out predominantly in a phase
(within domain D1), it is seen that there is no major
modification of the starting elongated morphology
of a phase (Fig. 5(a)). In addition it is seen that
there is a tendency for the formation of low angle
boundaries presumably by accumulation of disloca-
tion in low energy configurations (Fig. 5(b)). The
features of deformation in the b phase field (samples
deformed at temperatures >960 �C) could not be
recorded because of its metastable nature. The
microstructural features exhibited by the specimens
deformed within the regime of flow instabilities in
the a + b phase field are shown in Fig. 6. Seen here
are flow localization bands wherein deformation
appears confined. Similar flow localization and adi-
abatic shear bands have been reported in various Zr
alloys [4–10]. The formation of these bands in Zr
alloys is related to the adiabatic conditions prevail-
ing at _e > 1 s�1 and its low thermal conductivity
(�20 W m�1 K�1). The instability features in the b
regime (upper right hand corner of Fig. 3) could
not be recorded as the microstructure of deformed
samples was masked because of phase transforma-
tion during cooling subsequent to deformation.

3.4. Ductility measurement

The variation of tensile ductility (total elonga-
tion) as a function of testing temperature at a strain
rate of 10�3 s�1 is depicted in Fig. 7. Ductility
increases with temperature with a peak (�250%)
in the temperature range 850–950 �C where the pro-
cessing map exhibits a peak efficiency of �43%. At
temperatures higher than 960 �C (b transus) tensile
ductility is lowered but maintains at reasonably high
values (>120%). Similar ductility variation has been
reported during hot deformation of Zr and Ti alloys
[7,9,10,16,17].

3.5. Kinetic analysis

In order to identify the deformation mechanisms
responsible for microstructural development during
hot deformation, thermal activation analysis was



Fig. 4. Microstructure of samples deformed to e = 0.7 and at _e ¼ 10�3 s�1 and at various temperatures as indicated: (a–c) are optical
micrographs showing equiaxed morphology of a grains, a change in a grain size with temperature is seen, and (d): TEM micrograph
showing dislocation substructure within a grains and presence of b at the triple junction of grains.

Fig. 5. Typical TEM micrographs of samples deformed in the dynamic recovery domain showing, (a) the formation of substructure within
starting elongated a grains, and (b) low angle sub-boundaries within the elongated a grains.
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Fig. 6. Optical microstructure of samples deformed to e = 0.7 at
700 �C and 101 s�1 in the unstable flow regime. Localized
deformation bands are seen here. The compression axis is
vertical.
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carried out in the domain D2. r, _e, T data from this
domain were fitted to a kinetic rate equation of the
form:

_e ¼ C
r
l

� �n

exp
�Q
RT

� �
; ð3Þ

where Q is the activation energy, n is the stress expo-
nent, C is a constant, and l is the shear modulus,
taken as l = 29.28 � 0.021T [21]. Although the
domain extends beyond the b transus temperature
of 960 �C the data used to fit Eq. (3) was taken up
to 950 �C (corresponding to a + b phase field). Data
in the b range was also fit to Eq. (3). The constants
n, Q, and C were determined through the non-linear
fitting of the data in both the a + b and b phase
fields. The parameters were calculated to be n =
3.8 and Q = 259 kJ/mol in the a + b phase field,
and n = 4.24, Q = 110 kJ/mol in the b phase field.
The fit to Eq. (3) was checked by plotting tempera-
ture compensated strain rate Z vs. r/l on a log–log
scale; where Z ¼ _e expðQ=RT Þ, the Zener–Hollomon
parameter (Fig. 8). It is seen that for the parameters
obtained the fit is good in both the a + b and b
ranges.

The r, _e, and T data were analyzed by the stan-
dard method of thermally activated deformation
using an expression of the form [22,23]

_e ¼ _e0 expð�DG=RT Þ; _e0 ¼ /bqmkm; ð4a; bÞ

where / is a scaling constant, b is the magnitude of
Burgers vector, qm is the mobile dislocation density,
k is the spacing between obstacles and m is the vibra-
tion frequency of the atoms. DG can in turn be ex-
pressed as a non-linear function of shear modulus
corrected stress (r 0 = r/l) as [24,25]

ln _e ¼ ln _e0 �
DG0

RT
1� r0

r00

� �0:5
" #1:5

: ð5Þ

Here DG0 represents the free energy required to
overcome the barrier, r00 (=r0/l0) represents the
strength of the barrier at 0 K. In the case of hot
deformation it is likely that internal stresses do
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not play an important role and thus have been
neglected in Eq. (5). The fitting was carried out with
the data within the domains using non-linear regres-
sion analysis to obtain _e0, DG0 and r00. It can be seen
from Eq. (5) that a plot of ðr0=r00Þ

0:5 vs.
ðRT =DG0 lnð_e0=_eÞÞ2=3 should yield a straight line.
Fig. 9 shows the fit for parameters determined (as
listed in the plot) for both a + b and b.

Activation volume is a thermodynamic para-
meter and can be physically thought of as a product
of A * b where A is the area associated with the
movement of rate controlling species between short
range obstacles and b is the magnitude of Burgers
vector. Thermodynamically activation volume V is
defined as V ¼ �oG=os. From Eq. (5) and using
r = Ms, where s is shear stress and M = 3 is the
Taylor factor, the experimental activation area A

can be written as

normalized stress, for both a + b and b phase fields.
A ¼ 3MDG0

4r0b
1� r0

r00

� �0:5
 !0:5

r0

r00

� ��0:5

: ð6Þ
Fig. 10 shows a plot of A/b2 vs. r/l for both the
a + b phase and b phase fields. In the a + b phase
field, A varies between 30 and 70b2, and in the b
phase field A varies between 300 and 700b2. The
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values of different parameters such as n, Q and A

indicate operation of two different dislocation mech-
anisms in the a + b phase and b phase fields.
4. Discussion

This investigation has found that Zr–Nb–Sn
alloy when deformed in the temperature range
650–1050 �C exhibits three domains in the process-
ing map where more than one deformation mecha-
nisms are operative. On the basis of the nature of
r–e behavior, deformed microstructure and associ-
ated strain rate sensitivity values (0.25), the domain
occurring at 650 �C and at strain rates lower than
5 · 10�3 s�1 can be characterized by dynamic recov-
ery. Dynamic recovery has been reported with sim-
ilar characteristics under identical conditions of
deformation in a CP Zr and Zircaloy-2 [5,8]. Since
this domain is not well developed, a detailed charac-
terization in terms of kinetic analysis was not
possible.

The important observations in a + b phase field
of D2 domain are the following: relatively high
strain rate sensitivity (�0.3), reconstitution of the
initial transformed b microstructure (consisting a 0

plates) to an equiaxed a morphology, presence of
substructure within equiaxed a grains and enhance-
ment of hot ductility. These are indicative of the fact
that the alloy is undergoing DRX in the a + b phase
field. This is further supported by the linear plot of
log(grain size) vs. log(Z) as shown in Fig. 11, which
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is considered to be one of the characteristic features
of DRX [26]. Similar linear variations of log(grain
size) with log(Z) have been reported during DRX
in Ti [16,17] and Zr alloys [27]. In general, the values
of n and Q are characteristic of a given rate control-
ling mechanism. From the estimated values of
n = 3.8 and Q = 259 kJ/mol it is likely that a dislo-
cation mechanism within the a grains may be
involved in the process of DRX. An activation
energy higher than the self diffusion and an activa-
tion area of the order of 50b2 rule out dislocation
climb (A � 1b2) and thermal breaking of attractive
junctions as rate controlling mechanisms (A � 102

to 103 b2) [23,28], and suggests that mechanical
recovery (cross-slip) of screw dislocations in a phase
is involved in the process of DRX of Zr–Nb–Sn. In
earlier studies too cross-slip has been found to be
associated with the DRX process in Zr–2.5Nb [9]
and Zircaloy-2 [27]. This conclusion is consistent
with predictions of theoretical models of cross-slip
as a thermally activated process [23,28].

In the high temperature (T > 960 �C) regime of
domain D2, the flow stresses are very low and inde-
pendent of strain, the power dissipation efficiency is
40% (corresponding m = 0.25) and ductility is
greater than 100%. Similar observations have been
made during hot deformation of CP Zr [7] and
Zr–2.5Nb alloy [18] in the b phase field, and it
was concluded that these alloys undergo super-
plasticity at strain rates lower than 0.1 s�1. The
phenomenon of superplasticity in b phase is associ-
ated with the formation of fine subgrains within the
large b grains and is explained by the sliding along
these boundaries, commonly referred to as large-
grain superplasticity (LGSP) [29,30]. In the present
study Q = 110 kJ/mol, which is very close to that
for self diffusion in b Zr (120 kJ/mol), suggests that
the associated accommodation mechanism is likely
to be diffusion controlled. However, n = 4.2 sug-
gests the involvement of a dislocation mechanism.
It may be noted that the computed activation area
of �500b2 rules out climb as well as cross-slip as
the accommodation mechanism. The underlying
accommodation mechanism therefore appears to
involve the non-conservative movement of jogs in
which subgrain boundaries act as both sinks and
sources for dislocations. Similar conclusions were
drawn from an earlier study on the hot deformation
behavior of Zr–2.5Nb in the b phase field [18].

The instability maps generated on the basis of the
continuum instability criterion revealed that the
alloy undergoes flow instability in both a + b phase
field in the temperature range 650–850 �C and strain
rates greater than 0.005 s�1, and in b field at strain
rates greater than 10 s�1. The criterion was vali-
dated by microstructural examination of the speci-
men deformed in the instability regime. The
manifestation of instability was in the form of flow
localization, the severity of which reduced as the
strain rate of deformation was lowered. These
observations are consistent with features of instabil-
ity recorded in various zirconium alloys [4–10].

A comparison of the hot deformation behavior
of Zr–Nb–Sn alloy with other Zr alloys would be
helpful in understanding the effect of major alloying
additions. For this purpose, the processing maps of
CP Zr, Zircaloy-2 (essentially binary alloy contain-
ing 1.5 Sn, an a stabilizer) and Zr–2.5Nb (Nb, a b
stabilizer) are shown in Fig. 12. The details of opti-
mum processing conditions, deformation mecha-
nisms and description of deformed microstructures
for these alloys have also been included for compa-
rison in Table 2. The following important facts
emerge on detailed comparison:

(i) For all the alloys of Zr studied, DRX of a is
the prevalent mechanism during hot deforma-
tion in both single phase a (as in CP Zr and
Zircaloy-2) and two phase a + b (as in binary
Zr–2.5Nb and Zr–Nb–Sn alloys).

(ii) The optimum hot working conditions in the a
(as in CP Zr and Zircaloy-2) and a + b phase
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field (as in binary Zr–2.5Nb and Zr–Nb–Sn
alloys) are associated with DRX for all the
alloys of Zr.

(iii) The optimum hot working parameters (T and
_eÞ are unaltered by addition of Sn to CP Zr.

(iv) The strain rate for DRX is lowered by two
orders of magnitude by Nb (as in Zr–2.5Nb
and Zr–Nb–Sn) compared to CP Zr.

(v) The optimum strain rates for the hot working
of Zr–2.5Nb and Zr–Nb–Sn alloys are identi-
cal although there is a slight increase in the
corresponding temperature for the latter
alloy.
(vi) Deformation characteristics of b phase field
are not influenced significantly by alloying ele-
ments of different types (e.g. Sn, Nb).

(vii) Although there are some variations in the
morphological details of deformed microstruc-
tures during DRX, a common feature is the
presence of substructure in nearly equiaxed a
grains in all the alloys.

(viii) The features of dynamic recovery of CP Zr,
Zircaloy-2 and Zr–Nb–Sn alloys are similar.

It is clear from the preceding sections that
Zr–Nb–Sn alloy exhibits three distinctly different



Table 2
Comparison of the hot deformation characteristics for various Zr alloys: optimum hot working parameters, deformed microstructure and
deformation mechanisms

Alloy Optimum hot working
conditions

Deformation
mechanism

Deformed microstructure Reference

T (�C) _e (s�1)

Zr (a) 800 10�1 DRX of a Equiaxed a grains with serrated
boundaries, dislocation sub-structure
within the equiaxed grains

[5,6]

Zircaloy-2 (a) 800 10�1 DRX of a Similar as a-Zr [6,8]
Zr–2.5Nb

(a + b)
750 10�3 DRX leading to

globularization of
a phase

Nearly equiaxed a-grains separated by b
phase film. Dislocation network within
a-grains forming sub-boundaries

[9]

Zr–Nb–Sn
(a + b)

900 10�3 DRX of a phase Equiaxed a grains with b phase at the
triple junctions of grains, dislocation
substructure within a-grains

This work

Zr (b) 1050 10�3 Superplasticity Deformed structure is masked by
transformation

[7]

Zr–2.5Nb (b) 1100 10�3 Superplasticity Do [18]
Zr–Nb–Sn (b) 1050 10�3 Superplasticity Do This work

J.K. Chakravartty et al. / Journal of Nuclear Materials 362 (2007) 75–86 85
deformation mechanisms namely dynamic recovery,
DRX and superplasticity depending on the temper-
ature and strain rate of deformation. These three
mechanisms are within the stable flow regime of
the processing map and are expected to produce dif-
ferent microstructures thereby enabling microstruc-
tural control. It is also noted that both ductility and
efficiency peak within the domain of DRX. The hot
workability of Zr–Nb–Sn alloy may be optimized
using processing maps by selecting the tempera-
ture–strain rate combination corresponding to the
peak efficiency in the DRX domain, which is at
900 �C and 10�3 s�1. Further the occurrence of
microstructural instabilities as predicted by the con-
tinuum criterion given by Eq. (2) is validated by
microstructural investigation. The condition of pro-
cessing should be chosen such that the domain of
microstructural instability is avoided. As regards
the effect of alloying, it is seen that a-stabilizer such
as Sn does not alter hot deformation characteristics
of Zr in both a and b phase fields. While the DRX
characteristics of a-Zr is strongly influenced by b
stabilizer like Nb, the LGSP of b is not significantly
altered. Since Sn does not have any effect on the hot
deformation behavior of Zr, the deformation char-
acteristics of Zr–Nb–Sn alloy resemble that of
binary Zr–Nb alloy in a + b phase field.

5. Conclusion

On the basis of the processing map obtained for
Zr–Nb–Sn alloy in the temperature range of 650–
1050 �C and in the strain rate range 10�3–102 s�1,
detailed metallographic investigations and kinetic
analysis performed, the following conclusions may
be drawn:

1. Dynamic recrystallization of a phase in two phase
a + b field occurs in the temperature range of 750–
950 �C and strain rates lower than 10�2 s�1 with a
peak efficiency of 43% at 910 �C and 10�3 s�1.

2. The optimum processing parameters for hot
working of Zr–Nb–Sn alloy in the a + b phase
field are 910 �C and 10�3 s�1 at which dynamic
recrystallization will result.

3. Zr–Nb–Sn alloy, when deformed at 650 �C and
at rates lower than 10�2 s�1, results in dynamic
recovery, which is similar to that occurring in
CP Zr and Zircaloy-2.

4. The alloy undergoes large-grain superplasticity in
the b phase field at strain rates lower than
10�2 s�1. The observed values of apparent activa-
tion energy (110 kJ/mol, nearly equal to self dif-
fusion) and activation area (�500b2) suggest
that underlying rate controlling accommodation
mechanism is the non-conservative movement
of jogs.

5. The material exhibits flow instabilities at lower
temperatures (<850 �C) and at strain rates higher
than 0.01 s�1 in the a + b range. In the b phase
field, instabilities are predicted at _e > 10 s�1.
Instabilities in a + b regime manifested in the
form of localized flow. These deformation condi-
tions must be avoided in processing the alloy.

6. The optimum hot working conditions are associ-
ated with DRX of a phase for all the alloys of Zr.
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While b stabilizers like Nb has strong influence in
lowering the strain rate for optimum DRX (com-
pared to Zr), a stabilizer like Sn appears to have
no influence on dynamic recrystallization. The
hot deformation behavior of b phase is unaltered
by alloying addition of either type.
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