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Abstract

The hot hardness behaviour of the Zr—1Nb—1Sn—0.1Fe alloy was evaluated from room temperature to 1173 K at 100 K
intervals. The hardness versus temperature data for this alloy can be represented by the relationship H = k exp(— BT). The
indentation creep measurements of the above mentioned alloy were carried out using a load of 300 g at 573, 673, 773, 873
and 973 K. The stress exponent obtained from hardness—time plots was found to be temperature dependant and decreases
from a value of nearly 42 at 573 K to ~ 5 at 973 K. The activation energy for creep was also found to be temperature
dependant for this alloy. At least four different domains of creep were observed in the temperature range of 573-973 K. The
mechanism in the temperature regime of 573-673 K was found to be athermal. © 1997 Elsevier Science B.V.

1. Introduction

The Zr—1Nb—1Sn-0.1Fe alloy is an advanced cladding
material for nuclear fuel elements in water cooled reactors.
In a typical pressurized heavy water reactor (PHWR) of
220 MW capacity, there are more than 100,000 fuel ele-
ments undergoing irradiation at a time. A primary life
limiting factor for the conventional zirconium alloys
(Zircaloy-2 and Zircaloy-4) in a nuclear reactor is postu-
lated to be corrosion in hot natural or heavy water. With a
view to improving the performance of Zr alloys for
cladding, which can withstand a higher burn up, several
alloys have been developed. The alloy of Zr—-1Nb—1Sn—
0.1Fe (composition in wt%) has shown excellent corrosion
resistance and superior irradiation performance [1,2]. It has
been reported that the corrosion rate of the above men-
tioned alloy is only 60% of that of Zircaloy-4 and the
irradiation creep and irradiation growth of the above is
only 80 and 60%, respectively, of that of Zircaloy-4 [3].
Although the Zr-1Nb—1Sn—0.1Fe alloy has a good poten-
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tial for use as nuclear fuel cladding, many of its properties
are not fully investigated.

One of the major reasons for utilizing Zr base alloys in
nuclear reactors is its resistance to creep. Although, the
major source of deformation in Zr components in water
cooled reactors is irradiation creep, the thermal creep is
also expected to give rise to significant deformation in
these components [4]. Moreover, the thermal creep be-
haviour is intimately related to the irradiation creep and
therefore, an understanding of irradiation creep in Zr alloys
necessitates a thorough knowledge of its thermal creep
behaviour as well. Finally, an understanding of thermal
creep provides some incentives in quality control and
quality assurance of reactor core components [4,5].

The variation of hardness with temperature is similar to
the variation of yield stress with temperature since hard-
ness is intimately related to the yield stress [6—-8]. There-
fore, the determination of hardness at high temperature has
been often resorted to as a tool to collect information on
high temperature strength properties and also to understand
the softening behaviour of materials. In this paper, the hot
hardness of Zr—1Nb—1Sn—0.1Fe alloy has been presented
from room temperature to 1173 K and the indentation
creep behaviour of this alloy has been evaluated over a
temperature range of 573—-973 K. The hardness creep test
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provides a simple and non-destructive method of investi-
gating the mechanical properties of a solid. In this test, the
indenter is maintained at a constant load over a period of
time under well controlled conditions. As the stresses
cause the material beneath the indenter to creep, the inden-
ter penetrates the material and the changes in the indenta-
tion size are measured.

2. Experimental

The alloy was obtained from Nuclear Fuel Complex,
Hyderabad, in the form of a sheet of about 1 mm in
thickness. The sheet had been made by the hot extrusion of
the arc melted alloy followed by a series of hot and cold
rolling steps with intermediate vacuum annealing pro-
cesses. The sheet was finally annealed at 973 K for 1 h.
The chemical composition of the alloy is presented in
Table 1.

The hot hardness measurements were carried out using
a Nikon hot hardness tester with the help of a diamond
Vickers microhardness indenter. For this, samples of 5 X 5
mm were cut from the sheets and were metallographically
prepared. The sample was loaded into the furnace of the
hot hardness tester and evacuated to 0.1 Pa. Fig. 1
schematically illustrates the plane and the location on
which hardness measurements were carried out. All the
indentations were located near the centre of the surface as
shown in the figure. The hardness was measured from
room temperature to 1173 K at 100 K intervals using 300
g load and a dwell time of 5 s. At each temperature, at
least 5 indentations were taken and the hardness was
calculated using the relation

H=1854.4 X P/d?, )]

where P is the load (g) and d is the average diagonal
(pm).

The indentation creep measurements were carried out
using a load of 300 g at 573, 673, 773, 873 and 973 K.
The load was applied at a rate of 0.3 mm/min. At each
temperature, the hardness was measured as a function of
dwell time. The dwell times used in this study were 1, 5,
10, 30, 100, 300 and 1000 s and were measured within
+0.1 s. For each dwell time, at least 3 indentations were
taken. The indentation creep was also measured in the
central region of the sample. All the indentations were at
least 0.2 mm away from the edges.

The hardness and creep of Zr and its alloys is depen-

Table 1

Chemical analysis of the Zr—1Nb—18n-0.1Fe alloy

Sn Nb Cr Fe (6] H N
wt%)  (wt%)  (wt%) (wt%) (ppm) (ppm) (ppm)
1.08 1.10 0.018  0.098 1197 9 40

Rolling irection

. Indentalions

Fig. 1. A schematic of the Zr—INb—1Sn-0.1Fe sample showing
the plane and locations on which the hot hardness and indentation
creep measurements were made.

dant on texture. The texture produced during fabrication
introduces anisotropy in mechanical properties. To reduce
the effect of texture, indentations were positioned in such a
way that all of them had one of the diagonals parallel to a
selected edge of the sample.

3. Results

The temperature dependence of the hardness of the
Zr—INb-1Sn-0.1 Fe alloy is shown in Fig. 2. The plot in
Fig. 2 shows a gradual decrease in hardness up to ~ 700
K followed by a rapid drop in hardness above that temper-

Hardness,

H = exp(—0.001R5T) * 319 for L.T part
19 H = exp(—0.00621T) * 10937 for H.T part o
>
8
A R R RN N R N RN R N R SN RS N
20 400 600 [S(54] 1000 1200

Temperature, (K)

Fig. 2. In( H)-temperature plot for the Zr— 1Nb—1Sn-0.1Fe alloy
showing a transition at 713 K.
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Fig. 3. Hy / H,y; (where Hy is the hardness at temperature T and
Hyg; is the room temperature hardness), against temperature plot
for the Zr—INb—1Sn-0.1Fe alloy. The (H /G)y /(H / G),q, ver-
sus temperature plot is also shown. G is the shear modulus of the
alloy.

ature. The graph in Fig. 2 is replotted using Hy/H,o,
(where Hp is the hardness at temperature T and H,y; is
the room temperature hardness) against temperature and is
shown in Fig. 3. The hardness falls to ~ 70% of its value
at room temperature on attaining 573 K and falls to as low
as 3% at 1173 K. The hardness versus time piots at 573,
673, 773, 873 and 973 K are shown in Fig. 4. There is a
clear time dependence of hardness in this alloy. This is due
to the indentation creep. The interpretation of temperature
and time dependence of hardness is discussed in Section 4.

10 100
Dwell time, (s)

Fig. 4. Hardness—dwell time plots for the Zr—1Nb—1Sn-0.1Fe
alloy at 573, 673, 773, 873 and 973 K. The slope of these lines
will be (— 1/ n) from which the stress exponent, 7, is determined.

4. Discussion
4.1. Hardness—temperature relationship

The hardness—temperature relationship for metals and
alloys was first suggested by Ito [9] and Shishokin [10] and
has been explored by a number of investigators [6—-8,11,12].
The relation is as given below:

H =k exp(—BT), (2)

where H is the hardness, T is the temperature (K), « is
called the intrinsic hardness or the value of the hardness at
0 K and B is called the softening coefficient. The con-
stants « and B have one set of values at low temperature
and another at high temperature, suggesting a change in
the deformation mechanism. The transition between low
and high temperature behaviour may occur at one tempera-
ture or over a range of temperatures. In most metals and
alloys, the transition temperature is known to occur at
about 0.5T, where T, is the melting point.

From the data plotted in Fig. 2, the H-T relationship
for the Zr—1Nb—1Sn—0.1Fe alloy below and above the
transition temperature could be represented by the follow-
ing relations, respectively:

H =319 X exp( —0.00125T), 3)
H = 10937 X exp( —0.00621T), (4)

where H is the hardness (kg/mm?) and T is the tempera-
ture (K). The transition temperature for the above men-
tioned alloy was found to be 713 K.

The mechanism controlling the softening at tempera-
tures below the transition temperature for metals and al-
loys is reported to be slip and deformation twinning [6].
The rate controlling deformation mechanism for pure Zr
and its alloys has been studied in detail by compression
tests [13]. At low temperature twinning dictates the entire
course of plastic deformation whereas above 448 K, slip
dominates. In the temperature range 448 to 773 K, a-Zr
deforms primarily by slip on (1010) first order prism
planes along {1120) direction. The incidence of basal slip
has been found to increase with increasing temperature on
a basal plane (0001) along (1120) direction [14]. The
mechanism of deformation above the transition tempera-
ture is diffusional assisted phenomena such as dislocation
glide and dislocation climb [6]. A similar mechanism is
expected to occur in the case of the Zr—1Nb—1Sn-0.1Fe
alloy during deformation.

4.2. Indentation creep

Indentation creep is defined as the time dependant
motion of a hard indenter into a solid under constant load
at a constant temperature [15]. The issues concerning the
analysis of indentation creep data has been discussed in the
literature [16-20]. The earlier work on indentation creep
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was purely empirical or based on various theoretical and
numerical approaches. All these different approaches es-
sentially give similar resuits. In this study, we have adopted
the dimensional analysis approach of Sargent and Ashby
[21] to analyze the results obtained in this work.

4.2.1. Sargent and Ashby’s model of indentation creep
[21]

In this model, Sargent and Ashby [21] have suggested
that the stress and strain fields in a material below the
pyramidal indenter are self similar in time and creep
deformation is found to follow the power law of the type

é=Ao" exp(—Q/RT), %)

where € is the steady state strain rate, A’ is a constant, o
is the applied stress, n is the stress exponent, Q is the
activation energy and R is the universal gas constant.

The displacement rate of an indenter has been derived
as

du/di=[&(VA) /G| [(Ci/a0)(P/D)]", (6)

where A is the projected area of indentation, C, is a
constant and €, is the strain rate at a reference stress oy,.

For a pyramidal indenter the penetration is proportional
to VA, ie.,

u=Cy/A. (7)

Differentiating Eq. (7) with respect to time and substituting
into Eq. (6),

dA/dt=C,é,A(P/Aay)", ®)

where C, and C, are constants.
Sargent and Ashby [21] have derived the following
relationship between indentation hardness and dwell time:

H(1) = (00)/(nCyéor) ", )

where H(t) is the time dependant hardness.
From Eq. (8), when P is held constant, we get

(1/H)(dH/de) = — Coéq(H/ )" (10)
Hence, from Eq. (9) the gradient of a plot of In( H) against
In(t) at a constant temperature is — 1 /n. Also a plot of
In( H ) versus In[(— 1 /HXd H/d¢)] at constant temperature
has a slope n (from Eq. (10)). The activation energy is
calculated from the plot of In(z) against 1 /T at constant
hardness, the slope of which provides Q/R.

4.3. Discussion on indentation creep results

The hardness—time data at various temperatures are
analyzed in terms of the dimensional analysis model de-
scribed above. The hardness versus time data (see Fig. 4)
were fitted and slopes were obtained using linear regres-
sion analysis. Fig. 5 shows the hardness drop rate
(—1/HXd H /dt) versus hardness plots on a log—log scale.
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Fig. 5. A plot between In(H) and In[(— 1/ HXd H /d1)] at differ-
ent temperatures for the Zr—1Nb—1Sn—0.1Fe alloy to determine
the stress exponent from the indentation creep data.

The value of stress exponents obtained by both methods
are similar and are given in Table 2. It was seen that the
stress exponent decreased with temperature from a value
of ~42at573 Kto ~5at973 K.

The activation energies calculated from the slope of
In(z) versus 1/RT plots (Fig. 6) are given in Table 3. The
data points for this plot are obtained from Fig. 4 by finding
the time required to attain a constant hardness at two
different temperatures. It can be seen from Table 3 that the
activation energy of the Zr-1Nb—1Sn—0.1Fe alloy is tem-
perature dependant.

No data is available in the literature on the creep
parameters of the Zr-1Nb—1Sn—0.1Fe alloy whereas ex-
haustive literature is available on the creep behaviour of Zr
and Zircaloy. Gilbert et al. [22] have studied the creep
behaviour of pure Zirconium in the temperature range 323
to 1223 K. Five domains of creep behaviour were observed
in this temperature regime. The activation energy, stress
exponents and the probable mechanism for each domain is
given in Table 4 [22]. Shober et al. [23] reported that the

Table 2
The value of stress exponents at different temperatures

Temperature (K) Stress exponent, n

using Eq. (9) using Eq. (10)
573 42.5 41.8
673 24.6 239
773 11.2 11.2
873 7.8 7.4
973 5.3 4.7
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Table 3
Activation energy for creep at different temperatures

Temperature (K) Activation energy (kJ /mol)

573-673 205 +4
673-773 297+3
773-873 418+6
873-973 30319

value of n varied continuously with stress from 1 to a
value greater than 100 in Zircaloy-2 for the temperature
range 723-773 K. A similar dependence of creep rate on
stress has been reported by Bernstein [24] who measured #
as a function of stress in Zr and Zircaloy-2. Ardell and
Sherby [25], who conducted stress change tests on an-
nealed Zr in the temperature range 923-1123 K, suggested
that at high stresses, the stress dependence is better de-
scribed by an equation of the form

é=B'exp(Co), (11)

where o is the applied stress and B’ and C are constants.

Holmes [27] reported a temperature dependence of
activation energy for Zircaloy-2 in the temperature range
323 to 773 K. He reported that the behaviour of Zircaloy is
almost identical to that of pure zirconium. The activation
energy was found to increase from about 84 to 243 kJ /mol
at a temperature between 323 K and some transition
temperature depending on the stress level. A peak in the
activation energy was observed around a temperature which
was shifted to lower temperatures between 523 and 623 K
with increasing stress [28]. A similar peak in the activation
energy in the temperature regime 723 to 823 K has been
reported by Fidleris [29], Warda et al. [30] and Ra-
maswami et al. [31] for Zr and Zircaloy. This behaviour
was attributed to strain aging of Zr alloys at these tempera-
tures. The activation energy of Zircaloy-2 in the region
773-973 K has been found to be 272 kJ /mol. This value
seems to be consistent with the value of 276 kJ/mol
obtained for pure Zr in the above mentioned temperature
range. Holmes [27] attributed this to the dislocation climb
process. Pahutova et al. [26] interpreted their data on creep
of Zr in the temperature range 673—1223 K and suggested
that dislocation glide and climb—glide is the rate control-
ling mechanism. The activation energy for creep for Zr—

Table 4
Creep parameters and mechanisms for Zr [22]
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Fig. 6. In(dwell time) versus 1/RT plot for the determination of
activation energy for creep. The slope of these lines will be the
activation energy.

2.5Nb in the temperature region 573-673 K has been
reported to be in the range of 209-261 kJ /mol [32].

The alloy content has a pronounced effect on the creep
properties of zirconium alloys. Creep strength increases
with alloying additions that interact and decrease the mo-
bility of dislocations. In Zr alloys, the most effective
strengthening mechanism is precipitation strengthening fol-
lowed by substitutional strengthening [4]. The creep
strength of Zr alloys was found to increase with increasing
amount of Sn, Nb and Mo [33). The atoms of these
elements are smaller than the atom of Zr when present in
solid solution and will interact with dislocations. Tin has
the most beneficial effect on the creep strength because of
its high solubility and effect in reducing the stacking fault
energy in a-Zr [34]. Cr, Ni and Fe have a minor effect on
creep strength because of their low solubility and lower
atomic radius. Interstitials play a minor role in increasing
the creep strength.

It is possible to examine the results obtained in this
study from the above sighted observations. The creep
parameters at different temperature regimes of the Zr—

Domain Temperature Stress exponent Activation energy Probable mechanisms
X (kJ /mol)
1 323-573 20-33 125-314 dislocation intersection or interaction with O, atoms
2 573-673 7.4 293 non-conservative motion of jogs
3 673-773 12 293-440 dislocation interaction with impurities /precipitates
4 773-973 6.3 276 dislocation glide /diffusion controlled process
5 973-1073 5.2 419 formation and motion of divacancies /formation of thermal jogs




194 T.R.G. Kutty et al. / Journal of Nuclear Materials 246 (1997) 189-195

INb-1Sn-0.1Fe alloy has been analyzed and the probable
mechanism for each regime has been suggested as follows.

4.3.1. 573-673 K

The activation energy and stress exponent obtained in
the temperature region 573-673 K for the Zr-1Nb-1Sn-
0.1Fe alloy are 205 kJ/mol and ~ 42, respectively. Ra-
maswami and Craig [31] suggested that the plastic flow for
pure Zr over this temperature range is not thermally acti-
vated. On the other hand, Gilbert et al. [22] suggested that
the mechanism at this regime is thermally activated. To
verify this, the hardness temperature data of the Zr—1Nb-
1Sn—0.1Fe alloy has been replotted as the ratio of modulus
corrected hardness, (H/G);, to that at room temperature,
(H/G) ;. The shear modulus values of Zircaloy were
taken from the literature [35] and used in this study. The
(H/G);/(H/G),q; versus temperature plot is shown in
Fig. 3. It is seen from this plot, that the modulus corrected
hardness ratio is independent of temperature in the temper-
ature region 573-673 K. A similar athermal region has
been reported for Zircaloy-2 in the temperature range
600—800 K when yield stress was plotted against tempera-
ture [36,37]. Hence creep deformation in this region is an
athermal process as suggested for Zr by Ramaswami and
Craig [31]. The mechanism suggested for this region is
dislocation—interstitial interaction.

4.3.2. 673-773 K

Fig. 3 indicates that the corrected hardness ratio versus
temperature plot in the temperature range 673-773 K is
temperature dependant, contrary to the observation of Ra-
maswami and Craig [31] on Zr. Gilbert et al. [22] sug-
gested that the deformation in this region is thermally
activated, in agreement with our results. The activation
energy obtained in this region is 297 kJ/mol and was
found to be lower than the value for pure Zr in the same
temperature range. The activation energy is very close to
the activation energy for the diffusion of Sn in Zr matrix
[38]. Li et al. [19] conducted indentation creep studies at a
low temperature (~ 0.37,,) on a number of materials and
suggested that the principal mechanism causing indenta-
tion creep is dislocation glide. Hence the mechanism sug-
gested for this regime is dislocation glide.

4.3.3. 773-873 K

In the temperature range 773-873 K, a very high
activation energy (418 kJ /mol) is obtained in this study.
The stress exponent is in the range of 7—12. Warda et al.
[30] had reported that a-Zr exhibits anomalous creep
behaviour in the temperature range 723-823 K. The
anomalies consist of abnormal responses to stress incre-
ment, spontaneous change in the creep rate and activation
energy maxima. This behaviour has been consistent with
the dynamic strain aging model. Since stress during the
indentation process is very high (> E /1000, where E is
Young’s modulus), the peak in the activation energy should

shift to a lower temperature [28], as mentioned earlier.
Hence the high activation energy obtained in this study can
not be attributed to dynamic strain aging. Gilbert et al. [22]
have obtained almost similar values of stress exponent and
activation energy for Zr in the temperature range 673-773
K to that obtained in this study. They suggested that the
mechanism for creep in this region is dislocation interac-
tion with strong obstacles such as impurity clusters or
precipitates, which is the most probable mechanism for the
alloy investigated in this study.

4.3.4. 873-973 K

The temperature range 873-973 K, is characterized by
a stress exponent of ~ 5 and an activation energy of 303
kJ /mol. The activation energy for Zr and Zircaloy-2 in the
same temperature range is 276 and 272 kJ /mol, respec-
tively [22,27]. Ardell and Sherby [25] reported a stress
dependant activation energy for Zr in the above tempera-
ture range which increased from 214 to 327 kJ /mol with
decreasing stress. Rosinger et al. [39], who conducted
creep tests on Zircaloy-4 in the temperature range 940-
1073 K, reported the value of n and Q as 5.3 and 285
kJ /mol, respectively. The value obtained in this study is
very close to the values reported for Zr and Zircaloy and
hence an identical mechanism is expected in this alloy.
The probable mechanism in this temperature regime is the
dislocation climb process.

To summarize, it has been noted from this experiment
that creep parameters of the Zr—1Nb—1Sn~0.1Fe alloy are
similar to that of other Zr alloys except in the temperature
range 573-673 K where a higher value for the stress
exponent is obtained for this alloy.

5. Conclusions

The hot hardness and indentation creep behaviour of
the Zr—1Nb-1Sn-0.1Fe alloy have been evaluated in this
study. The temperature dependence of experimentally ob-
served hardness has been discussed in detail. The hardness
versus temperature data for this alloy can be represented
by the relationship H = k exp(—BT). Hardness of the
above alloy falls gradually up to the transition temperature
(713 K) and on further heating decreases rapidly.

The stress exponent obtained from the hardness—time
plot was found to decrease from ~ 42 at 573 Kto ~ 5 at
973 K. The activation energy was also found to be temper-
ature dependant.

At least four different domains of creep were observed
for this alloy in the temperature range 573-973 K. The
mechanism in the temperature range 573-673 K was
found to be athermal. In the remaining domains the mecha-
nism was found to be thermally activated.

The mechanism at different domains is explained with
the help of activation parameters of pure zirconium and
zirconium alloys.
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