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Mechanical properties of Zr-3Sn-1 Mo-1 Nb 
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The deformation characteristics of Zr-3Sn-1 Mo-1 Nb alloy have been investigated by tensile 
testing in the temperature range 300-1000 K at a constant crosshead speed corresponding to 
the strain rate of 6.7 x 10-5s -1. At lower temperatures, below about 500 K, the flow stress of 
the sample decreased with increasing temperature, whereas an inverse temperature 
dependence of the yield stress was found at temperatures between 500 and 700 K. At higher 
temperatures, above 700 K, the normal dependence of the yield stress on temperature was 
again observed. The maximum stress exhibited a similar temperature dependence. At higher 
temperature, serrations were found on the flow stress curves at the very beginning of 
deformation. The main deformation mechanisms are assumed to be a locking-unlocking 
mechanism connected with cross-slipping. 

1 .  Introduction 
The objective of many studies of the mechanical prop- 
erties of alloys is to find the relation between stress 
and strain at various temperatures. Zirconium alloys 
have found wide high-temperature applications in the 
nuclear and chemical industry owing to their good 
mechanical properties and their corrosion resistance. 
The alloy constitution and thermal treatment may 
contribute to stabilization and solid solution as welt as 
precipitation strengthening. Some elements, such as 
tin, molybdenum and niobium, are often added to 
improve high-temperature properties. The influence of 
chemical composition, especially additions of tin, 
molybdenum and niobium, on creep characteristics of 
martensitic zirconium alloys has been extensively in- 
vestigated at temperatures between 623 and 823 K by 
Pahutovfi et aI. [1-10]. They reported [3, 10] that the 
steady state creep rate of the quaternary Z r - 3 %  
Sn-1% M o - l %  Nb (nominal composition in wt %) 
alloy is some orders of magnitude lower than that of 
s-zirconium. According to Pahutov~t et al. [10] an 
athermal deformation mechanism contributes to the 
measured creep rates at the highest applied stress. 

In the present work the tensile properties of the 
Z r - 3 %  S n - l %  M o - l %  Nb samples were investig- 
ated at various temperatures between 300 and 1000 K. 

2. Experimental procedure 
The material used in this investigation was the 
quaternary alloy of nominal composition Z r - 3 %  
S n - l %  M o - l %  Nb (in wt%). Chemical analysis 
showed the actual elemental composition to be 
2 . 8wt% Sn, 0 .91wt% Mo, 0 .94wt% Nb. and 
430 p.p.m. 02. 

A more detailed description of material preparation 
is given elsewhere I-3]. The main grain size was deter- 

mined by the linear intercept method to be 0.33 mm, 
the grains being rather equiaxed. The test specimens 
were cut from a thin plate in such a way to be parallel 
to the rolling direction. The specimens had a gauge 
length of 50 mm and a rectangular cross-section 3.3 
x 2.5 mm 2. Each specimen was quenched in water 

from temperatures about 10 K higher than the equi- 
librium temperature (~ + 13)/13 and then annealed for 
8 h at 823 K. The alloy exhibits the hexagonal mar- 
tensitic structure. 

The tensile tests were carried out in an Instron 
tensile machine (Type 1186) with a constant crosshead 
speed which corresponded to an initial strain rate of 
6.67 x 10 - 5 s - 1 at two temperatures (450 and 800 K); 
the initial strain rates ranged between 6.67 x 10 - 5 and 
6.67 x 10 - 3 s - 1. A furnace with a dynamic argon at- 
mosphere was used for the test temperatures higher 
than room temperature. The specimens were inserted 
into the furnace at room temperature and kept for 
40 min at the deformation temperature before testing. 
Immediately after the test the furnace was opened and 
the specimen was cooled down. During the tests the 
temperatures were controlled to within +_ 2 ~ The 
tests were conducted at various temperatures between 
room temperature and 1000 K. 

After the test, the specimens were prepared for 
microstructural observations using both optical and 
transmission electron microscopy (TEM). The speci- 
mens for metallographic examination were prepared 
by polishing in a solution containing 10% HNO3, 
20% HF and 70% glycerin for 150s at 20~ A 
Neophot  21 microscope was used. 

For the observation of the dislocation microstruc- 
ture, a Jeol 2000 FX operating at 200 kV was used. 
Thin foils for TEM were prepared after the test by 
mechanical grinding and then electropolishing using a 
twin-jet thinner Tenupol 2 and a solution of 5.3 g LiC1, 
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11.2 g Mg(C104)2, 150 ml butylcellosolve and 750 ml 
methanol under 100 V and 80 mA at - 6 5 ~  until 
perforation occurred. 

3, Results 
The microstructure of the specimen before tensile 
testing is shown in Fig. 1 using both opt ica l  and 
transmission electron microscopy. In addition to fine 
precipitates, the lamelar structure can be seen. 
Pahutovfi et  al. [3, 5, 9] have observed the phase [3Nb, 
and ZrMo 2 and Zr4Sn secondary phases dispersed in 
the quaternary Z r - S n - M o - N b  alloy. Transmission 
electron micrographs showed the same microstructure 
as observed by Pahutovfi et  al. [3, 5, 9]. 

Typical examples of the true stress, O-, versus true 
strain, a, curves obtained by the tension test at various 
temperatures at the strain rate of 6.67 x 10 -s  s -1 are 
shown in Fig. 2. It is seen that the flow stress gradually 
decreases with increasing deformation temperature 
with the exception of the temperature range about 
500-700 K where the flow stress increases with in- 
creasing temperature. Two different shapes of the 
stress-strain curves may be identified depending on 
the test temperature. The samples deformed at tem- 
peratures lower than 700 K exhibit parabolic strain 
hardening, whereas those deformed at temperatures 
higher than 800 K exhibit a tendency towards the 
steady state flow behaviour. 

In accordance with such a characterization of the 
deformation behaviour, typical features may be found 
in the temperature dependence of the 0.2% offset yield 
stress, O-o2, and the maximum stress, O-max" The values 
of O-02 and O-max are plotted as a function of the test 
temperature in Fig. 3: It is seen that at low temper- 
atures, O-02 as well as the maximum stress decrease 
with increasing temperature, reaching a local min- 
imum at about 500 K, then in the intermediate tem- 
perature range from above 500-700 K, the inverse 
temperature dependence of the flow stress appears, i.e. 
both O-02 and O'ma x increase with increasing temper- 
ature. At temperatures higher than 700 K, the flow 
stress decreases very strongly with increasing temper- 
ature; from about 690 and 720 MPa at 700 K to 58 
and 92 MPa at 1000 K for O-o2 and O- . . . .  respectively. 
The difference between O-max and %2 is very small at 
temperatures higher than 700 K. 

In Fig. 3, the variation of O-s with the test temper- 
ature is also given. O-s is the characteristic of quasi- 
steady state deformation behaviour (saturation) and it 
was obtained by the extrapolation of the stress de- 
pendence of the work-hardening rate to zero stress 
[11] assuming a balance between immobilization and 
annihilation of dislocations. The calculated values of 
O-~ according to three different models [12-14] are 
very close to experimentally determined values of O-max 
which is expected, due o the shapes of the stress-strain 
curves (see Fig. 1). 

Fig. 4 shows the relation between the fracture 
elongation, ~, and the test temperature. At temper- 
ature lower than 700 K the elongation changes non- 
monotonically with increasing temperature. The 
elongation reaches a minimum value, 8 = 1.9%, a t  

5760 

Figure 1 (a) Microstructure of the specimen before tensile testing. 
(b) Transmission electron micrograph of the specimen before 
testing. 
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Figure2 Flow curves for Z r - 3 S n - l M o - l N b  alloy obtained by 
tensile testing at various temperatures at a strain rate of 6.67 
x 10-~s -1. 

400 K. At temperatures higher than 700 K, the elonga- 
tion increases with increasing temperature, reaching a 
large elongation, about 38%, at 950 K. 

It is interesting to note that serrations on the flow 
curves are observed at the very beginning of deforma- 
tion (in the transition between elastic and plastic 
deformation) at temperatures higher than 850 K. A 
typical example is shown in Fig. 5. The serrated flow 
may be characterized by parameters shown in Fig. 5: 
the flow stress at the onset of serrations, O-i, the stress 
amplitude of serrations, Ao-, and the strain interval, ~5 c, 
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Figure 4 Temperature dependence of fracture elongation, 8, for 
Z r - 3 S n - l M o - l N b  alloy, ko = 6.67 x 10- s s -  1. 
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Figure 6 Effect of temperature on the serrations parameters. (@)cy i, 
(�9 Acy, (A) 6~. ko = 6.67x 10-Ss  -1. 
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Figure 7 Flow curves for Z r - 3 S n - l M o - l N b  alloy at 450 K at 
three different strain rates. 
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Figure 5 A typical example of serrations on the flow curve; para- 
meters of serrations are.indicated. ~o = 6.67 x 10-s S-1. 

in which serrations appear. All the parameters above 
mentioned exhibit a non-monotonic temperature vari- 
ation (Fig. 6). The values of c%, Acy and 8c have been 
found to be in the ranges between 43 and 84 MPa,  4 
and 10 MPa,  and 0.1% and 0.75%, respectively. Ex- 
treme values c h = 140MPa,  Acy = 108 MPa, and 
6c = 2.4% have been measured at 913 K. These set- 
rations may be caused by the phenomenon of mech- 
anical twinning. The serrations in the load-elongat ion 
curve may be a result of the motion of partial disloca- 
tions across various slip planes. 

4. D iscuss ion  
The temperature range between 300 and 700 K may 
be characterized by a non-monotonic temperature 
dependence of the flow stress. In addition, the strain- 
rate dependence of the flow stress is also non-mono- 
tonic. Fig. 7 shows the stress-strain curves obtained 
at different strain rates at 450 K. It  is seen that the flow 
stress decreases when the strain rate is increased to 
6.67 x 10-4s  - 1. The existence of a hump in the tem- 
perature of the flow stress could be explained assum- 
ing that dynamic strain ageing occurs. Accordingly, 
the occurrence of the serrated flow could be observed 
as a result of unlocking of aged dislocation from the 
atmospheres of clusters of solute atoms. The strength 
of the locking due tO the solute atmospheres should 
increase with increasing temperature and it should 
result in the inverse temperature dependence of the 
flow stress, on the one hand, and in the serrations on 
the flow curves, on the other. However, no serrated 
flow has been observed in this work at temperatures 
lower than 700 K. We can conclude that dynamic 
strain ageing is not responsible for the increase of the 
flow stress with increasing temperature. 

We may assume that the anomalous increase in the 
flow stress with increasing temperature in the range 
450-700 K could be caused by the operating disloca- 
tion mechanism. 
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In accordance with observations on zirconium [15] 
and its alloys (e.g. [16]), slip occurs on the {1 0 1 0} 
prismatic planes. Glide of a-dislocations, that is with 
the Burger's vector b = ~(1 1 20) ,  plays an important 
role. During deformation of polycrystals, and single 
crystals with suitable orientation of the tensile axis, 
not only prismatic slip but also the slip on pyramidal 
planes {1011} and/or {1122} may be an active 
deformation mode [17]. In this case, slip in the 
(1 1 2 3) direction, i.e. the motion of (a + e) disloca- 
tions (with the Burgers vector b = 1 {1 1 23) )  is as- 
sumed. 

We can assume that screw a-dislocations in the 
zirconium alloys, as first proposed by Naka et al. [18, 
19], may split in a nonplanar manner into two partials 
lying on the prismatic plane and two partials lying on 
the first-pyramidal planes (1 01 1) and (1 01 i ) ,  re- 
spectively. According to Vitek and Igarashi [20], the 
cores of the partial dislocations on prismatic plane are 
non-planar. The a screw dislocations take alternately 
two configurations corresponding to two states of the 
core structure: a glissile configuration and a sessile. 
According to a model proposed by Naka et al. [19] 
the dislocations move by a succession of thermally 
activated sessile-glissile transitions. This is in agree- 
ment with the experimental results obtained by 
Couret and Caillard [21, 22] investigating prismatic 
glide in beryllium. They have also shown that screw 
dislocations may cross-slip between basal and pris- 
matic planes during deformation and have proposed a 
locking-unlocking mechanism [21-24]. Unlocking is 
cross-slip to a plane of higher energy, and locking 
corresponds to the second cross-slip process from a 
plane of higher energy to that of lower energy. Screw 
dislocations in the metastable glissile core configura- 
tion may glide freely over some distance and then they 
are locked again. If temperature increases, the prob- 
ability of locking increases and thus an increase in the 
stress is necessary to recombine a spread screw 
dislocation. It means that cross-slipping becomes 
more difficult with increasing temperature and this 
would correspond to an increase of the flow stress with 
increasing temperature, which is observed in a certain 
temperature range. Hence we may assume that the 
inverse temperature dependence of the flow stress 
(the strength anomaly) is controlled by the 
locking-unlocking mechanism [21-24]. The slip 
mechanism of (a + c)-dislocations on a prism plane 
may also cause a strongly negative temperature de- 
pendence of the flow stress [25]. 

At temperatures higher than 700 K, the yield stress 
as well as the maximum stress decrease very strongly 
with increasing temperature and a steady state flow 
behaviour is typical. The flow stress increases with 
increasing strain rate at 800 K as shown in Fig. 8. 
From the slope of the least squares plot of log (Yoz 
against log k, the stress exponent in the equation 
k -- A~" (where A is a constant) is calculated to be 
12 + 2. If we assume that the following equation for 
high temperature creep 

= A((~/G)" exp( -- Q / R T )  (1) 

where G is the shear modulus and R is the gas 
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Figure 9 Arrhenius plot of the temperature dependence of (@) the 
flow stress, %2, and (C)) the maximum stress, cr~,ax, at temperatures 
higher than 700 K. ko = 6.67 x 10- s s- 1. 

constant, may be applicable for the present results, an 
apparent activation energy, Q, may be determined. 
Using the above estimated value of the stress expo- 
nent, the Arrhenius plot of the temperature depend- 
ence of the flow stress, shown in Fig. 9 gives an 
apparent activation energy for deformation of 
340 KJ tool-  1. 

In this case, the dislocation structure may not vary 
and we may consider that the deformation mechanism 
does not depend on the microstructure. 

The feature of the tensile behaviour at a constant 
strain at higher temperatures presented in this work is 
very close to that obtained in creep experiments by 
Pahutovfi et aI. [3, 10]. We can compare our results 
with those obtained by Pahutovfi et al. [3 ]  measured 
in the temperature range 623 and 823 K and for the 
stresses between 40 and 750 MPa. From their meas- 
urements [-3] of steady-state creep rate, ~, as a function 
of the applied stress, cy, one can deduce that the 
parameter of the stress sensitivity of steady-state creep 
rate defined as 

{61n~'] 

. = k~n~n~IT (2) 

increases with increasing stress level imposed from 
values close to 3 up to values of 7-10 and for higher 
temperature, n is higher than 10. It is interesting to 



note two points: (a) at 623 K the obtained steady-state 
creep rates have values between 10-lo and 10 -9 s-1 
and from their plot of log g against log cy one may 
estimate that n is negative, which corresponds to the 
inverse temperature dependence of the flow stress 
measured in this work; (b) the values of the applied 
stress at which the steady-state creep rate is about 
6 x 10- s s- 1, are very close to the values of the flow 
stress determined in tension at the strain rate 
6 x 10- 5 s- 1. Pahutov/t et aI. [3] have estimated the 
apparent activation energy for the steady-state creep 
to be in the range between 213 and 410 K kJmo1-1. 
We may, therefore, conclude that the correlation be- 
tween tensile properties obtained in creep and at 
constant strain rate for the same conditions is very 
good. 

The observed strain-hardening rate for samples de- 
formed at temperatures higher than 700 K is close to 
zero, which is a result of a dynamic balance between 
hardening and softening mechanisms. At these higher 
temperatures also the motion of dislocations in the 
pyramidal slip systems should be expected. Inter- 
action between dislocations in the second pyramidal 
slip systems can take place according to the following 
dislocation reaction 

�89 + �89 13]~�89 10] (3) 

This dislocation reaction can result in softening and 
cause the quasi-steady state course of the observed 
flow stress. It is likely that the more the pyramidal 
(a + c) dislocations that are moving, the higher the 
probability Reaction 1 has. The number of the moving 
(a + e)-dislocations depends on the temperature of 
deformation: the higher the temperature the greater 
the number of dislocations that are in motion. 

It should be mentioned also that at temperatures 
higher than 700 K, cross-slip of screw dislocations 
takes place. The cross-slipped dislocations can inter- 
act with the dislocations present in the cross-slip plane 
and the dislocation annihilation can occur. Both 
mechanisms, i.e. the dislocation reaction among 
(a + c)-dislocations and the cross-slip, as well as the 
annihilation, can result in a decrease of strain-harden- 
ing rate, which is observed. 

At temperatures higher than 800 K, serrations begin 
at the very onset of plastic flow. These serrations may 
be caused by the formation of mechanical twins. 
Mechanical twinning is an important mode of de- 
formation in hexagonal metals and one may expect 
that mechanical twinning in a quaternary alloy with a 
complex microstructure, including twins due to diffu- 
sionless transformation, may be influenced by tem- 
perature. Westlake [26] has presented models for the 
dislocation mechanism of twinning in zirconium. An 
analysis of different dislocation reactions in prismatic 
and pyramidal slip systems has shown the existence of 
a twin dislocation on the twinning plane (10 1 2) with 
the Burgers vector in the twinning direction [1 0 T 1]. 
The dislocation reaction has the following form 

[21T0](01~0 ) + ~ [1 1233(TT22 )--* [1011](;012) 
(4) 

We may assume that pile-ups of dislocations in pris- 
matic and pyramidal slip systems are formed under 
thermomechanical treatment. The local stress at the 
tip of the pile-up may be high enough to nucleate a 
twin and then to induce the formation and growth of 
twins. One may expect that mechanical twinning in 
the quaternary alloy with a complex microstructure 
including twins created during the diffusionless trans- 
formation, may be influenced by temperature. Accord- 
ing to our knowledge it is not obvious whether there 
exists a critical stress for the formation of deformation 
twins, and what the temperature dependence of this 
stress may be. 

5. Conclusions 
In order to investigate tensile properties of 
Zr -3Sn- lMo- lNb  alloy, tensile tests were carried 
out under various temperatures at a constant strain 
rate of the order 10-Ss -1. It was found that at 
temperatures below about 500 K the flow stress de- 
creases with increasing temperature, whereas the 
yield stress increases with increasing temperatures in 
the temperature range 500-700 K. At temperatures 
higher than 700 K the flow stress decreases with in- 
creasing temperature. The observed flow behaviour 
may be explained by assuming a locking-unlocking 
mechanism connected with cross-slip. 
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