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Abstract

The hardness behaviour of pure Zr, Zircaloy 2, Zr-2.5Nb, Zr-2.5Nb-0.5Cu and Zr-1Nb-1Sn-0.1Fe alloys (com-
position in wt%) were evaluated from ambient temperature to 1173 K using a hot hardness tester in order to compare
the hardness and to extract information on the strength behaviour from the hot hardness data using standard empirical
relations. This paper summarizes the experimental hot hardness data of several Zr alloys and discusses the results with

the help of their microstructure, alloy content and atomic radii of the constituents. © 1999 Elsevier Science B.V. All

rights reserved.

PACS: 62.20.Fe; 61.72.-y; 46.30.Pa

1. Introduction

Zirconium based alloys are the natural choice for
both fuel element cans and in-core structural compo-
nents in water-cooled nuclear reactors, since these alloys
have low thermal neutron absorption cross section,
adequate strength and ductility, good corrosion resis-
tance, long-term dimensional stability in an irradiation
environment, excellent compatibility with the fuel and
coolant, good thermal conductivity and adequate resis-
tance to fracture [1,2]. The most important alloy of Zr
used in Pressurised Heavy Water Reactors (PHWRS) is
Zircaloy (Zircaloy 2 and Zircaloy 4), which is commonly
used for fuel cladding and also for pressure tubes and
calendria tubes. In Zircaloy, the major alloying element
is Sn. The addition of Sn lowers the stacking fault en-
ergy of Zr which is expected to have significant influence
on workability [3,4] and creep strength. Zr-2.5Nb alloy
is the new generation alloy for pressure tube material.
Nb helps in improving the creep strength as well as
oxidation and corrosion resistance. Zr-2.5Nb-0.5 Cu
alloy is used for garter springs which separate the hot
pressure tube from the cold calendria tube. The addition

* Corresponding author. Tel.: +91-22 550 5319; fax: +91-22
550 5151; e-mail: rmd@magnum.barc.ernet.in

of Cu results in lowering the o—f transition temperature
and partitions entirely to B-Zr. Cu is expected to modify
the deformation characteristic of  alone in the o +
region [5]. The addition of Cu changes the ageing ki-
netics of the alloy. The quaternary Zr-1Nb-1Sn-0.1Fe
alloy is an advanced cladding material which shows
superior corrosion resistance and irradiation stability
[6-8]. It has been reported that the irradiation creep and
irradiation growth of the quaternary alloy is only 80%
and 60%, respectively of that of Zircaloy 4 [8]. In a
typical PHWR, the fuel tube sees a temperature of ~623
K and undergoes rigorous stress conditions due to pellet
clad interaction. The pressure tube operates at ~558 K
and has to withstand a coolant pressure of ~10 MPa.
The garter spring should support the pressure tube ini-
tially and the creep sag subsequently and therefore
should have adequate strength. Such a diverse range of
specifications are met only through proper control of
processing parameters [5]. It is worth investigating cer-
tain properties of Zr alloys such as hot hardness, since
hardness is an easily measurable property and can be
converted to the more useful strength data through well-
established empirical relations. It may be noted that all
the materials used in this study belonged to materials of
various sizes and shapes making it practically impossible
to resort to the conventional tension test. Hence,
hardness testing methodology was used in order to
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derive the tensile strength from the hardness data. The
hardness test method will also be a very useful tool for
extracting information on the mechanical properties of
irradiated Zr alloys since sample requirement for this
test is very small. The only sample requirement of this
test is a metallographically polished surface. This
miniaturisation of the specimen reduces the induced
radioactivity so that the testing can be carried out even
outside the shielded cell. Instead of yielding one set of
results on a specimen of many cm? surface, statistically
significant number of results can be obtained per cm?
surface using hardness tests [9]. Indentation testing
technique, in particular microindentation method, can
be regarded as a quick, simple and non-destructive
mechanical procedure [9]. In this paper, the Zr alloys
were compared in terms of their hot hardness in the
temperature range of 293-1173 K. The hot hardness of
the matrix material, pure Zr, has also been evaluated for
comparison.

2. Experimental

The details of the samples used in this study, their
heat treatment conditions and chemical composition are
given in Tables 1 and 2. Samples were cut from the
above mentioned alloys and were metallographically
prepared. Hot hardness measurements were carried out
using a hot hardness tester (Nikon, Model QM) with the
help of a diamond Vickers pyramid indenter. Before
starting the hot hardness experiment, the instrument
was calibrated using a standard (Cu: SRM; National
Bureau of Standards, USA) sample. Five indentations
were made on the standard using 300 g load. The

Table 1
Details of samples used in this study

hardness obtained was found to be +0.5% of the actual
value. A load of 300 g and a dwell time of 5 s were used
for this study. The load was applied at a rate of 0.2
mm/min. The hardness was measured in vacuum
(0.1 Pa) from room temperature to 1173 K at every
100 K intervals. At each temperature, at least three
readings were taken.

The hardness measurements were carried out on all
alloys along the direction transverse to the axial direc-
tion. Fig. 1 schematically illustrates the plane and lo-
cation on which hardness measurements were carried
out. The strength and hardness of Zr and its alloys are
strongly dependent on texture. Texture produced during
the fabrication stage introduces anisotropy in mechani-
cal properties. The development of texture during the
forming operation is the direct result of different defor-
mation mechanisms operating in Zr and its alloys. To
reduce the effect of texture, the indentations were posi-
tioned in such a way that all of them had their diagonals
parallel to a selected edge of the sample.

For microstructural examination, samples were cut
from the alloys and were metallographically prepared.
The etching has been carried out using a mixture of HF,
HNO; and H,O in the ratio 1:9:10. The microstructural
details are presented in Table 1.

3. Results

The hardness (H) vs. temperature (7) plots for Zr,
Zircaloy, Zr-2.5Nb, Zr-2.5Nb-0.5Cu and Zr-1Nb-
1Sn-0.1Fe alloys are shown in Fig. 2. The H-T data of
the above mentioned alloys were fitted by a polynomial
and the equations for the best fit are given below:

Material Source of sample Fabrication/heat treatment details Microstructural details

Zr Arc melted rod Annealed at 1073 K for 15 min. Grain size 25 pm, equiaxed grains.

Zircaloy 2 Fuel tube B quenching, hot extrusion at 1073 K, cold Single phase, slightly elongated
pilgering, intermediate vacuum annealing at grains with an average grain size of
1000 K, cold pilgering followed by final 15 pm. Typical parallel plate mor-
annealing at 773 K and autoclaving at 673 K phology at many places.
for 24 h.

Zr-2.5Nb Pressure tube B quenching, hot extrusion at 1053 K, cold Two-phase structure. o and 3

Zr-2.5Nb-0.5Cu

Zr-1Nb-1Sn-0.1Fe

Garter spring

Received from NFC,
Hyderabad

pilgering, intermediate vacuum annealing at
823 K, second pilgering followed by stress
relieve anneal at 673 K for 24 h.

B quenching, forging, hot rolling, hot swaging
at 838 K, drawing and annealing at 838 K for
30 min., sandblasting, pickling and centreless
grinding to the final dimension.

B quenching, hot extrusion, cold and hot
rolling with intermediate vacuum annealing
and final annealing at 973 K for 1 h.

phase stringers are elongated in the
direction of extrusion. o is being
enveloped by B phase.

Two-phase structure consists of o
Zr and B Nb. Widmanstatten
morphology with prior f grain size
around 80 pm.

Single phase, lath martensitic
structure where o platelets are
arranged in a typical basket weave
morphology. width of the laths are
0.4-0.6 um.
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Table 2

Chemical composition of alloys

Material (wt%) Sn Nb Fe Cr Ni Cu O (ppm)

Zr - - - - - - 1000

Zircaloy 2 1.3-1.6 - 0.07-0.2 0.05-0.15 0.03-0.08 - 1000-1300

Zr-2.5Nb - 24-25 0.08-0.1 - - - 10001400

Zr-2.5Nb-0.5Cu - 2425 0.08-0.1 - - 0.36-0.5 1000-1200

Zr-1Nb-1Sn-0.1Fe 1.08-1.15 1.10 0.098 0.018 - - 1000-1200
Working direction 7r
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Fig. 1. A schematic showing plane and locations on which hot
hardness measurements were made.

Temperature,’C

0 200 400 600 800 1000
300 I T T T T N T N T Y O A S T N A S S S A 3.0
1+ C
250 +* 0000 Zr—INb-1Sn-0.1Fe |-2.5
4 noooo Zr-2.5Nb r
B 00000 %ircaloy 2 r
g ] Yifts Gr-25Nb-05Cu |
g 200 2.0
~ ] r g
.;D ] r @]
%‘ 150 7 1.5 gj;
o i L [}
=] B - <]
s ] .
51004 F1.0 <
=] ro=
50 Fo.5
1 rr 1T rrrrrrrrrrrorrT - T ‘: T L O‘O

T
R_73 473 673 873 1073 1273
Temperature, K

Fig. 2. Hardness vs. temperature plots for pure Zr, Zircaloy 2,
Zr-2.5Nb, Zr-2.5Nb-0.5Cu and Zr-INb-1Sn-0.1Fe alloys
from room temperature to 1173 K. The data of Zr, Zircaloy 2
and Zr-2.5Nb were best fitted using a third degree polynomial
and that of Zr-2.5Nb-0.5Cu and Zr-1Nb-1Sn-0.1Fe alloys
were fitted by a fifth degree polynomial.

H =23291 —0.35T +1.07 x 107*7% +2.19 x 107873,
(1)

Zircaloy 2

H =390.56 — 0.92T +8.39 x 107*7* —2.88 x 10777,
(2)

Zr-2.5Nb

H =400.91 — 0.78T +5.81 x 107*7% — 1.76 x 107'T°,
(3)

Zr-2.5Nb-0.5Cu

H =2164.18 — 15.17T + 0.045T> — 6.27 x 107°T?
+4.13x 10787 —1.03 x 1071177, (4)

Zr—1Nb-1Sn-0.1Fe

H = 884.53 — 5.03T +0.014277 — 1.94 x 10°7?
+1.21 x 1078 7% — 2.79 x 107127°, (5)

where H is in kg/mm? and T is in K.

It can be seen from Fig. 2 that the hardness values of
Zr and Zr-2.5Nb-0.5Cu alloy are the lowest and high-
est, respectively, in the low temperature region up to 873
K. Zircaloy showed a considerable higher hardness than
Zr at room temperature. The hardness—temperature
curves of Zr-2.5Nb and Zircaloy 2, are almost parallel
up to 1000 K, the hardness of Zr-2.5Nb alloy being
higher than that of Zircaloy at all temperatures tested.
The quaternary Zr-1Nb-1Sn-0.1Fe and ternary Zr—
2.5Nb-0.5Cu alloys showed a different behaviour on
heating. The hardness—temperature plots of these alloys
showed a decrease in the softening in the temperature
range of 373-673 K. For Zr-2.5Nb-0.5Cu alloy, the
hardness in the temperature range of 373-573 K is al-
most constant.

The above data of Fig. 2 have been replotted using In
H vs. T and is shown in Fig. 3. The In H-T plots for Zr
and its alloys can be represented by two straight lines
intersecting in the temperature range of 700-873 K. It
was found that In H vs. T plots for Zr, Zircaloy, Zr—
2.5Nb are almost parallel up to the transition point. As
mentioned earlier, Zr-2.5Nb-0.5Cu and Zr-1Nb-1Sn—
0.1Fe alloys showed remarkable resistance for softening
at low temperature below the transition. But above the
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Fig. 3. In(hardness) plotted against temperature (from room
temperature to 1173 K) for Zr and its alloys. The transition
points are also shown in the above figure.

transition temperature, the hardness of Zr-2.5Nb-0.5Cu
alloy falls rapidly than the other alloys and its hardness
is lowest at 1173 K.

4. Discussion
4.1. Hardness—temperature relation

The temperature dependence of hardness of metals
and alloys has been reviewed by Westbrook [10]. The
summary of his finding is that the temperature depen-
dence of hardness is best represented by the following
relation of the type

H = A exp(—BT), (6)
where constants 4 and B are called the intrinsic hardness
(i.e. the value of hardness at 0 K) and softening coeffi-
cient, respectively. The constants 4 and B have one set
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of values at low temperature (A4; and Bj) and another at
high temperature (A4;; and By), suggesting a change of
mechanism [11,12]. The value of A at low temperature is
a measure of the inherent strength of the interatomic
bond in the metal lattice and is related to the crystal
structure and ‘thermal energy of melting’ which is de-
fined as the heat content of the liquid metal at the
melting point [10]. The constant B, which is the slope of
In H vs. T plot, indicates the rate at which the lattice is
weakened by the thermal energy and is closely related to
the coefficient of thermal expansion [13].

H-T data for Zr and its alloys shown in Fig. 3 can be
fitted by the equation H = A4 exp(—BT). The values of
the constants for low and high temperature regions are
given in Table 3. The softening coefficient of Zr and Zr—
2.5Nb-0.5Cu was highest and the lowest respectively
below the transition temperature. The values of transi-
tion temperature (7r) are also shown in Table 3 and was
found to be lowest for Zr-1Nb-1Sn-0.1Fe alloy and
highest for Zircaloy-2.

H-T data of Zr and its dilute alloys like Zr—Nb, Zr—
Mo, Zr-Ti, Zr-U, Zr-Mo-Nb, Zr-Ti-Mo are available
in the literature [14-18]. H-T curves of these alloys are
similar to the one obtained in this study.

4.2. Transition temperature

From Table 3, it can be seen that transition tem-
perature (7Tr) of Zr alloys varies with composition. The
transition temperature is a function of strain rate, purity
and grain size. Tt has been identified as the manifesta-
tion of the onset of increased atomic mobility which
permits dislocation atmosphere to diffuse to new sites
within the time allowed by the test [19]. This tempera-
ture will be lower for lower strain rates because more
time is available for the diffusion to take place. Those
alloying elements that raise the o—f transformation
temperature generally raise the 77 also. Among the al-
loying elements, Sn, Al, Hf etc., raise the transformation
temperature while elements like Nb, Cr, Fe, Ni, Ti, Mo,
Cu etc., lower it [18,20]. As expected addition of Sn has
increased the transition temperature in the case of
Zircaloy. But on the contrary, the addition of Nb has

Table 3

Values of constants 4 and B of the relation H= A exp(—BT)

Alloy A (kg/mm?) Bx 1073 (K™Y Transition temperature, Tt (K)
AI A[I BI BII

Zr 347 2810 2.851 5.376 828

Zircaloy 2 397 6480 2.648 5.889 864

Zr-2.5Nb 417 16498 2.303 6.566 863

Zr-2.5Nb-0.5Cu 364 101879 1.218 8.636 755

Zr-1Nb-1Sn-0.1Fe 319 10937 1.256 6.209 713

Ay and Ay are the intrinsic hardness for low temperature (293< 7' < Tr) and high temperature (7r< T <1173 K) regions, respectively.
By and By are the softening coefficients for low and high temperature regions, respectively.
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increased the transition temperature. This may be due to
the strengthening effects of § phase which contain about
20 at.% of Nb. As both Nb and Cu lower the transfor-
mation temperature, a lower transition temperature is
expected for Zr-2.5Nb-0.5Cu alloy which is found to be
true for this study. The lowest T is obtained for Zr—
INb-1Sn-0.1Fe alloy. The microstructure of this alloy
consists of precipitates at lath boundaries. These pre-
cipitates control the flow behaviour in this alloy [7]. The
coarsening of the precipitates results in rapid decrease in
strength and results in lowering the transition tempera-
ture.

4.3. Correction for modulus

It is widely recognised that the flow stress of any
metal consists of two components [21-23],

g=0"(T)+ a1(é), (7)

where ¢* is called the frictional or effective stress which
depends on temperature and strain rate but not on the
level of work hardening. ¢ becomes negligible at in-
termediate and high temperatures. In contrast, oy, the
athermal stress, depends on temperature only through
the temperature dependence of shear modulus [21]. ¢* is
associated with the stress required in order to permit the
glide dislocations to overcome the short range barriers
by thermal activation where as gy is associated with long
range elastic interaction of dislocations [24]. Since
hardness and flow stress are intimately related, H can
also be separated into rate dependent and rate inde-
pendent components as:

H=H"(e,T) + Hi(e), (8)

where H* represents the frictional component of hard-
ness and H; represents the athermal component, which
is dependent on temperature through the temperature
dependence of shear modulus. It is reported that the
hardness and elastic properties of metals and alloys are
closely related [10]. The Young’s modulus of steel de-
creases by about 1/3 on heating up to 1073 K but a
proportional reduction in hardness is of the order of
90% [25]. This indicates that the softening is associated
with the reduction of modulus. To account for this,
hardness—temperature data of Fig. 3 are replotted using
modulus compensated hardness (H/G) and is shown in
Fig. 4. The data can be represented by the relation
similar to Eq. (6):

H/G = A, exp(—B,T). 9)

The values of the constants 4, and B, are given in Ta-
ble 4. The shear modulus (G) values at different tem-
peratures are taken from the literature for Zr, Zircaloy
and Zr-2.5Nb alloy (see Table 5) and used in this study
[26-28]. Northwood et al., in Ref. [26] have shown that

0.1
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Fig. 4. A plot of modulus compensated hardness (H/G) against
temperature (from room temperature to 673 K) for pure Zr,
Zircaloy 2, Zr-2.5Nb, Zr-2.5Nb-0.5Cu and Zr-1Nb-1Sn—
0.1Fe alloys. G is the shear modulus of the alloy. The average
hardness values were used while plotting (H/G) vs. T.

modulus values do not change appreciably with the alloy
additions. Hence the modulus values of Zircaloy have
been used for Zr-2.5Nb-0.5Cu and Zr-1Nb-1Sn-0.1Fe
alloys. The modulus correction has been given only for
the low temperature (7' < 773 K) data, since no reliable
data on modulus are available for the high temperature
up to 1173 K. On comparing Tables 3 and 4, it can be
seen that the values of the softening coefficient (B) have

Table 4

Values of the constants of the relation H/G= A, exp(-B,T)
Alloy A, B;x1073(K™)

Zr 0.0807 2.204

Zircaloy 2 0.0981 2.122

Zr-2.5Nb 0.0986 1.676
Zr-2.5Nb-0.5Cu 0.0782 0.391
Zr-1Nb-1Sn-0.1Fe 0.0748 0.607

Table 5

Shear modulus values of Zr, Zircaloy 2 and Zr-2.5Nb alloys at
different temperatures [32,34]

Temperature Shear modulus (GPa)

() Zr Zircaloy 2 Zr-2.5Nb
293 34.0 34.8 359

373 31.6 33.6 34.5

473 29.3 31.8 31.2

573 26.9 29.4 29.6

673 24.6 27.9 27.1
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decreased on giving correction for modulus. The maxi-
mum decrease in the value of softening coefficient (B)
was found to be for Zr-2.5Nb-0.5Cu followed by Zr—
INb-1Sn-0.1Fe alloy.

4.4. Effect of alloying elements on hardness

Chubb et al., in Refs. [14-16] have reported that the
alloying elements increase the hardness of Zr at all
temperatures. It is reported that Nb is more effective in
strengthening Zr than Sn up to 773 K. It is found that
hardness of Zr-Nb alloys falls considerably above 873 K
[18,19]. The decrease in hardness with increase in tem-
perature is greater for Zr-Nb alloys than Zr—Sn alloys
above 773 K and therefore strengthening effect of Sn at
high temperature is greater than that of Nb. Cu is found
to be superior than Nb in strengthening Zr alloys at low
temperature. The above observations have also been
found to be true for the alloys investigated in this study
on comparing the values of softening coefficients given
in Table 3.

Apart from the addition of alloying elements, the
hardness is affected in these alloys by cold work and
texture [1]. The various strengthening mechanisms op-
erating in Zr alloys have been reviewed in the literature
[1,2,4]. Solid solution hardening by both substitutional
and interstitial elements is always observed in Zr alloys.
However this is possible only to a limited extent because
of low solubility of the common alloying elements such
as Fe, Cr, Ni etc., in a-Zr. The most potent interstitial
solution hardening agent is O. N also acts quite similar
to O. Many of the Zr alloys are hardenable through
martensitic transformation. The effect of alloying ele-
ments on strengthening and deformation behaviour is
discussed below.

As mentioned earlier, the major alloying element in
Zircaloy 2 is Sn. Sn has an atomic radius which is very
close to Zr as shown in Table 6. The mechanism of
hardening of Zircaloy by Sn is by solid solution hard-
ening. Hardening in Zircaloy also occurs due to the
formation of intermetallics, namely Zr(Fe,Cr), and
Zr,(Fe,Ni) [30]. Wadekar et al., in Ref. [29] have eval-
uated the yield and ultimate tensile strength of Zr-Sn

Table 6
Atomic radii of Zr and other alloying elements

Element  Atomic radius (A) Difference in atomic radius
with that of Zr (%)

Zr 1.60 -

Nb 1.47 8.1

Sn 1.58 1.3

Fe 1.28 20

Ni 1.25 22

Cr 1.28 20

Cu 1.28 20

alloys as a function of tin content. The 0.2% yield
strength showed a linear relationship with ¢*/3, where c is
the concentration of tin. This suggests a Mott and
Nabarro model of solid solution strengthening in which
clustering of solute atom is envisaged. The effect of tin
content on yield strength at temperatures between 77 K
and 673 K has also been reported in Ref. [29]. The data
indicate that the addition of tin has influenced both the
thermal and the athermal component of the flow stress.
The rate controlling mechanism of softening in binary
Zr-Sn alloy at temperatures below 473 K involves the
dislocations overcoming the obstacles provided by ran-
dom pinning of tin atoms. At temperatures above 473 K
the mechanism appears to be controlled by the move-
ment of jogged screw dislocations [29].

The hardness of Zr-2.5Nb alloy is higher than that of
Zircaloy from room temperature to 1173 K (see Fig. 2).
It is reported that Nb is more effective in increasing the
yield strength in Zr than a comparable amount of Sn
[32]. Nb stabilizes the B phase of Zr. The atomic diam-
eter of Nb is smaller than that of Zr (Table 6) and
therefore produces considerable strengthening in Zr—
2.5Nb alloy. Zr-2.5Nb alloy is basically a two-phase
system. The distribution and composition of o and
phases are strongly influenced by the hot working pa-
rameters. The microstructural parameters such as vol-
ume fraction of the phases, thickness and aspect ratio of
o and P stringers and dislocation structure of o grains
vary during each stage of the fabrication [31]. The mi-
crostructure of pressure tube after final heat treatment
consists of o and B phase stringers elongated in the di-
rection of extrusion, the former being enveloped by the
latter. The o grains are shaped like elongated platelets
containing about 1 at.% Nb with high density of dislo-
cation network. They are stacked together and separated
by B phase containing ~20 at.% Nb. The dislocation
density in o grains is estimated to be 15 x 10'? lines/cm?
[31]. The formation of Zr,Fe intermetallic also contrib-
utes to hardening in this alloy. The temperature depen-
dence of yield strength of Zr-2.5Nb pressure tube has
been studied by Singh et al., in Ref. [33]. They have
indicated a plateau and a peak region between 523-573
K, indicating a possible occurrence of dynamic strain
ageing at these temperatures. Such plateau have not
been observed in H-T plot in this study. The relatively
higher strain rate involved in the hardness testing com-
pared to the conventional tension test could be the cause
for the non-appearance of plateau in the H-T plot.

Zr-1Nb-1Sn-0.1Fe alloy exhibits a higher hardness
than Zircaloy and Zr-2.5Nb alloy below the transition
temperature [34]. B quenching of this alloy produces a
single phase lath martensite where o plates are arranged
in typical basket-weave morphology. The laths were
reported to contain high dislocation density (10'3 lines/
cm?) [7]. On aging this alloy at 973 K resulted in the
distribution of precipitates at lath boundaries. Wadekar
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et al., in Ref. [7] have conducted a detailed study on
structure property correlations of the above mentioned
alloy and reported that the highly supersaturated B
quenched alloy is not a homogeneous solid solution but
contains a distribution of very fine Nb rich clusters
which controls the flow behaviour. On ageing, the pre-
cipitates decorate the lath boundaries which act as a
strong barrier for dislocations. The formation of Zr,Fe
phase helps in further strengthening this alloy. The high
dislocation density and precipitates resulted in a higher
hardness in this alloy.

The highest hardness obtained in this study was for
Zr-2.5Nb-0.5Cu alloy. The addition of 0.5Cu to Zr-
2.5Nb alloy has been reported to increase the hardness
of martensite o by 35% [35]. This strengthening has been
attributed mainly to solid solution hardening of o by
copper. The atomic radius of copper is about 20% lower
than that of Zr. This lower atomic diameter of Cu im-
parts remarkable hardness thereby strengthening this
alloy. The secondary hardening of the matrix occurs due
to B-Nb precipitates at twin and grain boundaries
[35,36]. The low softening coefficient obtained for this
alloy is due to these hardening processes. Aging of this
alloy above 773 K has resulted in a decrease in hardness
[37]. This decrease in hardness is attributed to overaging
which resulted in a steep decrease in the value of the
softening coefficient.

4.5. Correlation between hardness and strength

The following relations have been reported for Zr
and its alloys relating hardness and strength [16]:

oy = 0.155H, (10)

O'U]'s:().zlgl‘l7 (11)

where H and ¢ are in kg/mm?. Kapoor et al., in Ref. [37]
have proposed a relation between ultimate tensile
strength (oyts) and hardness for Zr-2.5Nb alloy which
is given below:

H= (O-UTS X 341~6)/(6UTS <|>4-205)7 (12)

where values of oyrs and H are in kg/mm?. The oy
values obtained from the work of Singh et al., in Ref.
[33] and the hardness data determined in this study were
substituted in Eq. (12) for ascertaining its validity since
both the types of data emerged from the same source,
namely Zr-2.5Nb alloy pressure tube. This exercise
clearly demonstrated that the above equation was valid
only for room temperature. Similarly Eqs. (10) and (11)
are not found satisfactory to correlate hardness and
tensile strength. Hence, Egs. (10)-(12) cannot be con-
sidered as a general equation having applicability in
covering a wide range of temperatures.

Fig. 5 shows the variation of hardness and oyts with
temperature for Zircaloy 2 and Zr-2.5Nb alloy. oyrs

200 300 400 500 600 700 800
T T T T T T

2r-2 5Nb:Hardness
Zircaloy 2:Hardness
2r-2.5ND:UTS (ref.39)
Zircaloy 2:UTS (ref.2.5.8)
2r-25Nb:.UTS

calculated using eqn.(17)
Zircaloy 2:UTS
calculated using eqn.(18)

2

+ XmeOoo

2

o
=3

- 100

Hardness, kg/mm
Ultimate tensile strength, kg/mm’

T T T T T T T T T T
200 300 400 500 600 700 800
Temperature, K

Fig. 5. In(hardness) and In oyrs vs. temperature plot for Zr—
2.5Nb and Zircaloy 2. The open symbols are hardness data and
closed symbols are strength data. The (x) and (+) symbols are
the fitted data for Zr-2.5Nb and Zircaloy 2 respectively using
Egs. (17) and (18).

values are taken from the literature [2,5,8,33]. Since the
above data are from the same material, a correlation
between hardness and oyrs is attempted. The relation
thus obtained for Zr-2.5Nb and Zircaloy 2 are given
below respectively:

In oyrs = 0.676 In H + 0.7197, (13)

In oyrs = 0.590 In H + 0.8562. (14)

The values of oyts obtained using Egs. (13) and (14) are
also shown in Fig. 5 and it can be seen that the above
relations are quite adequate to predict the values of oyrs
from hardness data for a temperature range of 273 to
673 K.

4.6. Mechanism of softening

The mechanisms of softening in metals and alloys at
low and high temperatures are widely discussed in the
literature [10-13,38-40]. At low temperature below 0.5
T, hardness is a weak function of temperature and
plastic deformation occurs mainly by athermal mecha-
nisms. The major mode of deformation is by slip along
preferred planes and directions. The other mechanisms
for softening at low temperature during the hardness
testing are as given below [38]:

1. Since local stresses under the indenter are comparable
to theoretical elastic limit, they are sufficiently high to
create dislocations in an ideal crystal. Thus indenta-
tion generates prismatic loops of dislocation in the
crystal which are successfully removed from the in-
dentation region by conservative climb process [41].

2. Densification of the crystal structure by transition to
a dense, metallic phase under action of large hydro-
static compression under the indenter [42].



98 T.R.G. Kutty et al. | Journal of Nuclear Materials 265 (1999) 91-99

3. Stress activated dislocation glide by nucleation and
lateral propagation of double kinks, which necessi-
tates the breaking of atomic bonds.

4. Deformation twinning.

The mechanisms proposed for softening at high
temperature above the transition are diffusional phe-
nomena such as dislocation climb and glide processes.

o-Zr has a hexagonal close-packed structure with c/a
ratio less than the ideal. Because of the limited number
of primary slip systems and their non-symmetric distri-
bution, a-Zr deforms both by slip and twinning. In the
temperature range from room temperature to 773 K, the
rate controlling deformation mode in pure Zr under
compression is seen to change from twinning at low
temperature to slip at high temperature [43]. In the
above temperature range, o-Zr deforms by slip mostly
on {1 010} first order prism planes along (1 12 0)
direction. Slip has also been reported to occur on basal
plane {0 0 0 1} along {1 1 2 0) direction. Pyramidal slip
on {1011} has been observed at sites of stress con-
centration. It has been suggested that the prismatic slip
is favoured over the basal slip in view of the lower
stacking fault energy associated with prism planes
compared to other slip planes. However, incidence of
basal slip has been found to increase with increasing
temperature [4,43,44].

Apart from slip, twinning plays a major role in the
deformation of a-Zr as an alternative to slip, and in the
evolution of texture in Zr during deformation [4]. Vari-
ous types of twins have been observed during deforma-
tionof Zr: {1012} (101 Hand {1121}{1126)in
tension and {1122} in compression. At elevated
temperature, {1 0 1 1} and (1 0 1 2) twinning has been
reported. The {1 12 1} twins have been found to be
dominant at all temperatures. Hence slip and deforma-
tion twinning are the mechanism of softening of Zr and
its alloys at low temperature below the transition, slip
being dominant above the room temperature. The other
rate controlling mechanisms of softening at temperatures
below the transition are due to dislocations overcoming
the obstacles provided by random pinning of solute at-
oms and by the movement of jogged screw dislocations.
The enhanced plasticity observed in Zr alloys above
transition temperature is due to the following:

e occurrence of cross slip,

e possible activation of basal slip and,

e case of operation of pyramidal slip.

The thermally activated processes such as dislocation

glide or a mixture of climb-glide process also play a

major role in the softening process in these alloys.

5. Conclusions

The hardness of Zr-based alloys used in nuclear
thermal reactors was measured from ambient tempera-

ture to 1173 K and the following conclusions were

drawn:

1. The hardness of Zr and Zr-2.5Nb-0.5Cu alloy was
the lowest and the highest respectively in the low tem-
perature region below the transition. The effect of al-
loying elements like Cu, Nb, Sn has been discussed
and found that Cu followed by Nb are the best
strengthening agents in Zr.

2. The hardness-temperature behaviour of these alloys

can be explained in terms of their microstructure, al-
loy content and atomic radii of the constituents.

3. A correlation between hardness and oyts has been

established for Zircaloy 2 and Zr-2.5Nb alloy for a
temperature range of 273 to 673 K.
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