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Abstract: The deformation behavior and microstructure of the Zrs(Tis, alloy in f phase field were investigated by isothermal
compression tests at temperatures ranging from 700 to 850 °C and strain rates ranging from 0.001 to 1 s '. The flow curves exhibited
typical flow softening. The initial discontinuous yielding behavior was observed at higher strain rates, which was not found in other
traditional Zr alloys. The apparent deformation activation energy was calculated to be 103 kJ/mol and constitutive equation
describing the flow stress as a function of the strain rate and deformation temperature was proposed. The analysis indicated that the
hot deformation mechanism was mainly dominated by dynamic recovery. However, dynamic recrystallization was delayed by
dynamic recovery. Thereafter, the processing map was calculated to evaluate the efficiency of the forging process at the temperatures
and strain rates investigated and to optimize processing parameters of hot deformation. The optimum processing parameters were

found to be 830—850 °C and 0.56—1 s ' for hot the deformation of Zrs,Tis, alloy in the § phase region.
Key words: Zr alloy; hot deformation; apparent activation energy; microstructure; processing map

1 Introduction

Zr alloys are widely used in the nuclear and
chemical industries because of their superior properties,
such as small thermal neutron absorption, low thermal
expansion coefficient [1], good corrosion resistance [2,3]
and excellent compatibility with fuel and coolant [4,5].
However, traditional Zr alloys with relatively low
strength does not meet the high strength requirement as
structural materials. Thus, new Zr alloys with high
strength and good ductility are manufactured [6—10].
Moreover, ZrsoTisy alloy has shown good mechanical
properties among the new Zr alloys manufactured [7,8].

Hot working is very important in metallic material
fabrication processes since this step is used to obtain
desired microstructure and mechanical properties.
However, extensive researches on hot deformation
behavior of traditional Zr alloys were carried out and
optimum hot working conditions were determined so

far [11-16]. CHAKRAVARTTY et al [11,12] found that
dynamic recrystallization occurred in commercially pure
Zr where deformation was performed in the temperature
range of 730-850 °C at strain rates of 0.01 to 1 s .
However, Zr—1Nb—1Sn alloy displayed dynamic recovery
in a field, dynamic recrystallization in a+f field and
superplasticity in £ field during hot deformation [15].
Contradictorily, it was mentioned in Ref. [16] that
dynamic recovery occurred in S field in the case of
Zr—1Nb alloy.

In order to understand the hot deformation behavior
clearly and to optimize the processing parameters of
forged ZrsoTisy binary alloy, in this study, hot
deformation behavior and microstructure evolution after
isothermal compression in £ phase field of ZrsoTis
binary alloy were investigated. The variation of flow
stress  with  processing conditions (deformation
temperature and strain rate) was subsequently analyzed.
Furthermore, the apparent deformation activation energy
was calculated from the flow stress. And the apparent
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deformation activation energy and flow stress are key
parameters to characterize the hot deformation
behavior [17,18].

And the processing map based on dynamic
materials model has been developed to optimize
processing parameters and to understand the metals hot
deformation [19—22]. So, the processing map was also
used to analyze the hot deformation behavior of
isothermally compressed ZrsoTis, binary alloy. The
results may help to optimize the processing conditions of
forging of ZrsyTis binary alloy.

2 Experimental

Sponge Zr (W(Zr+Hf) > 99.5%) and sponge Ti
(99.7%, mass fraction) were used to prepare the Zrs,Tis
(mole fraction, %) alloy. The alloy ingots were melted
four times using a vacuum induction melting furnace to
ensure uniform chemical composition. The cast ingot
was breakdown into rods of 40 mm in diameter. In order
to eliminate the effect of initial microstructures, the rods
were heat-treated at 1050 °C for 4 h in a tubular vacuum
furnace with protective argon atmosphere followed by
furnace cooling.

Cylindrical specimens of 6 mm in diameter and
9 mm in height were machined from these rods. The
o—f phase transformation temperature (S transus
temperature) of this material was determined by phase
diagram and differential scanning calorimeter. The p
transus temperature was determined to be about 600 °C.
Hot compression tests were
Gleeble—3500
temperatures of 700—850 °C and at strain rates of

conducted using a
thermo-mechanical ~ simulator  at
0.001-1 s'. In the Gleeble, specimens were heated
through the direct resistance heating system. The
temperature was controlled within +3 °C using Pt—Rh—Pt
thermocouple which was spot-welded at the mid-span of
the specimens. The graphite lubricant and tantalum foils
were used to reduce the friction between the cylindrical
specimens and anvil. The specimens were heated to the
test temperature (700—850 °C) at a rate of 20 °C/s in an
argon atmosphere, held for 10 min. Each of the specimen
was thereafter compressed to a true strain of 0.7 at strain
rates of 0.001—1 s™'. Subsequently, the specimens were
water- quenched.

The deformed specimens were sectioned along the
compression axis through the center. Samples for optical
microscopy were prepared using standard metallographic
techniques. Thereafter, the polished surfaces were
chemically etched using a solution of 15% hydrofluoric
acid (HF), 5% nitric acid (HNO;) and 80% distilled
water (H,0).

3 Results and discussion

3.1 Stress—strain curves
The stress—strain obtained from the
compression tests are presented in Fig. 1. The curves

show flow softening in which the flow stress reaches a

curves

peak value at a certain strain and then decreases to a
steady state with increasing the strain. In addition,
the degree of flow softening decreases with increasing
the deformation temperature. The mechanisms of
softening are balance of the rate of work hardening, e.g.,
dynamic recrystallization, superplasticity or dynamic
recovery [23].

Initial discontinuous drop in the flow stress upon
yielding followed by a gradual change in the plastic flow
behavior is observed with increasing strain. This
behavior is different from those of Zr and traditional Zr
alloys [11-16]. However, the discontinuous yielding
phenomenon is not observed at the lowest strain rate of
0.001 s'. The discontinuous yielding has been found in
Ti alloys deformed in g phase field [24-28]. This
indicates that the hot deformation behavior of Zr alloys
may be changed with Ti addition. The dependency of
yield drop in flow stress on strain rate and temperature is
shown in Fig. 2. It is observed that the magnitude of
yield drop decreased with increasing the deformation
temperature and oppositely with decreasing the strain
rate. This is in agreement with the results reported by
SRINIVASAN [25] and PHILIPPART and RACK [29].
During initial deformation process, dislocations rapidly
multiply and block at grain boundary, resulting in the
increase of flow stress. Then, the dislocation may break
down and the grain boundary acts as the sources of
Thus,
increased mobile dislocation density can reduce flow

mobile dislocations with increasing strain.
stress value. So, the discontinuous yield drop should be
due to the origin of mobile dislocations being grain
boundary dislocation sources, which was reported by
PHILIPPART and RACK [29]. With

deformation temperature and decreasing strain rate, the

increasing

discontinuous yielding can be eliminated through
thermally-assisted dislocations motion and reducing the
work-hardening levels, respectively [25,29]. As a result,
the magnitude of the discontinuous yield drop decreased
with increasing deformation temperature and decreasing
strain rate.

However, it is difficult to discuss the hot
deformation behavior using only stress—strain curves.
Hence, detail investigation will be discussed in the
kinetic

following  sections

microstructure and processing map.

using  the analysis,
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Fig. 2 Magnitude of yield drop of Zrs(Tis, alloy as function of
temperature and strain rate

3.2 Kinetic analysis

The stress—strain curves reveal that the flow stress
is strongly affected by strain rate and deformation
temperature. The peak stress, i.e., the highest flow stress
in the flow curves, usually can be chosen as the
representative stress of each flow curve. Constitutive
equation is constructed to understand the hot deformation
behavior of ZrsTis, alloy. In addition, the apparent
deformation activation energy is also calculated.

The temperature and strain rate dependence of flow
stress in hot deformation is generally expressed by the
Arrhenius-type equation [30—32]:

¢ = Alsinh(ao,)]" exp[-Q/(RT)] (1)

where & is the strain rate (s''), 4 and o are material
constants, # is the stress exponent, o, is the peak stress
(MPa), Q is the apparent deformation activation energy
(J/mol), R is the molar gas constant, and T is the
deformation temperature (K).

From Eq. (1), we can express

0= Rn{@ln[sinh(otalD )]}

a(l/T) )

The plot of Iné¢ versus In[sinh(as,)] and the plot
of In[sinh(ao,)] versus 1000/7 in the f phase region
(700850 °C) are in Figs. 3(a) and (b),
respectively. The apparent deformation activation energy
is derived from the peak stress. From Eq. (1), the value
of n is calculated using the average slope value of
In¢ —In[sinh(ao,)]. The value of s (average slope value
of In[sinh(ao,)]-1000/T) is also calculated. Then, the
mean values of the slopes (n and s) are used to calculate
the activation energy, O=R 'n's=103274 J/mol. This value
is consistent with the values reported in the literatures for

shown
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other Zr alloys. For instance, the value of deformation
activation energy in the f phase region is found to be
110 kJ/mol for Zr [33], 110 kJ/mol for Zr—1Nb—1Sn
alloy [15] and 120 kJ/mol for Zr—2.5Nb alloy [14]. The
activation energy value obtained in the present study is
close to the value of self-diffusion activation energy of
B-Zr (110 kJ/mol) [14]. CHARKRAVARTTY et al [15]
reported that hot deformation associated accommodation
mechanism of Zr alloys in the single f field is controlled
by self-diffusion when the value of activation energy is
close to that of self-diffusion of pf-Zr. Thus, the
mechanism of hot deformation of ZrsyTis, alloy would be
the dynamic recovery. Furthermore, the value of stress
exponent (n) is found to be 2.55 (between 2 and 3, see
Fig. 3(a)) which suggests that the underlying rate-

controlling accommodation mechanism is grain
boundary sliding [34].
Figure 4 shows the strain rate temperature

parameter Z (called Zener—Hollomon) with a correlation
coefficient of 0.994. It is evident that the peak stress
increased with increasing Z parameter. And the linear
relationship between parameter Z and peak stress
indicates the Arrhenius-type equation is appropriate to
describe the dependence of the peak stress on

deformation temperature and strain rate. Based on the
experimental results, the constitutive equation (Eq. (1))
for isothermal hot working of ZrsyTisy alloy in the £ field
can be written as

& =3162.13[sinh(0.007320,,)]*"° exp[—103274/(RT)]
3)

4,

-1.5 -10 =05 0 05 1.0 15 20
In[sinh{ )]

Fig. 4 Relationship between peak stress (op) and Zener—
Hollomon (Z) parameter of ZrsyTis, alloy

3.3 Deformed microstructure

Figure 5 shows typical microstructures of ZrsoTis,
alloy after hot deformation at different temperatures and
strain rates. Elongated £ grains along the radial direction
are observed after the sample deformed at temperature of
700 °C with strain rate of 1 s~ (Fig. 5(a)). The flow
localization is also observed in the sample. However,
with increasing the deformation temperature, a few
recrystallized grains along the grain boundaries are found
(Fig. 5(c)). In addition to a few recrystallized grains,
there are some serrated grain boundaries at the
temperatures of 700 and 850 °C and a lower strain rate of
0.001 s™' (Figs. 5(b) and (d)).

From the kinetic analysis, the hot deformation
associated accommodation mechanism of Zrs,Tisy alloy
is strongly controlled by self-diffusion. As a result,
self-diffusion may promote the dynamic recovery
process and delay the dynamic recrystallization
process [35]. Moreover, due to the strong effect of
dynamic recovery in the sample deformed at higher
temperature or lower strain rate, only a few recrystallized
grains are visible along the grain boundaries as enough
driven force for recrytallization nucleation was not found.
So, in the present study, microstructural observation
indicates that hot deformation mechanism is mainly
dominated by dynamic recovery, whereas dynamic
recrystallization is delayed.

The serrated grain boundaries are probably caused
by the grain boundaries migration. During hot
deformation, dislocations may glide through grain
boundary and leave behind the gliding step, which will
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Fig. 5 Optical microstructures of ZrsTiso alloy under different deformation conditions: (a) 700 °C, 1 s (b) 700 °C, 0.001 st

(c) 850 °C, 1 s7'; (d) 850 °C, 0.001 s~

lead to grain boundaries migration. The grain boundaries
migration ultimately changes the smooth grain
boundaries into serration.

3.4 Construction of processing map

The processing map is very useful to optimize
processing parameters and to control microstructure [23].
The processing maps with different strains are usually
constructed on the basis of the principles of dynamic
materials model for the optimum hot working
condition [36]. According to the dynamic materials
principles, hot working process can be regarded as a
closed system, where the total power (p) absorbed in the
hot working process is dissipated through the
temperature rise and microstructure evolution of the
work-piece [37]. The named G content and J co-content
are used to represent the dissipation powers caused by
the temperature rise and microstructure evolution,
respectively. The partition of the total input power
between G and J depends on the strain rate sensitivity of
flow stress (m). For an ideal linear dissipater (m=1), the
maximum value of J is supposed to be p/2. This will
result in a dimensionless parameter called efficiency of
power dissipation () of a non-linear dissipater and
expressed as [37]:

J 2m
(A )

max

The power dissipation map is constructed using the

variation of # with temperature and strain rate, which
may directly show the optimum processing parameters
for hot working. A continuum instability criterion is
developed based on the extreme principle of irreversible
thermodynamics to indentify the regime of flow
instability, as given in Ref. [23]:

£y = lem/on D]

m<0 5
Olge ®)

where ¢ is the strain rate and £(¢) is a dimensionless
instability parameter. An instability map is constituted
using the variation of £(£) with respect to temperature
and strain rate. The flow instability is predicted when
£(€) is negative [38,39]. In addition, the instability map
is superimposed on a power dissipation map to construct
a processing map.

For the Zrs Tisy alloy, the processing map with
different strains is shown in Fig. 6. The shaded areas
indicate the flow instability regions and the contour
number represents the efficiency of power dissipation.
With increasing strain, initially the instability region
extended to lower strain rate and higher temperature and
then gradually decreased. It is clear that there are two
domains with the peak efficiency of power dissipation,
one domain (called Domain A) at the temperatures from
730 to 755 °C with strain rates varying from 0.0018 to
0.001 s', the other domain (called Domain B) in the
temperature range from 830 to 850 °C and strain rate
range from 0.56 to 1 s™'. The peak efficiencies of power
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Fig. 6 Processing maps of Zrs,Tis, alloy at true strains of 0.1 (a), 0.3 (b), 0.5 (c) and 0.7 (d)

dissipation in the aforementioned domains were found to
be 0.54 and 0.62 at the strain of 0.7, respectively.

Figure 7 shows the variation in the peak efficiency
of power dissipation with true strain at the two domains
for the ZrsTiso alloy. In Domain A, it is clear that the
efficiency of power dissipation increased slightly to the
peak value, then decreased with increasing strain at the
temperature of 750 °C and strain rate of 0.001 s™'. In

0.64
=
2
S 060t
§=
2 nisel
o
z
(=)
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S 052t
g
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Fig. 7 Variation in efficiency of power dissipation with true
-1

strain under deformation conditions of 750 °C, 0.001 s * and

850°C, 15!

Domain B, the efficiency of power dissipation increased
with increasing strain at the temperature of 850 °C and
~'. Moreover, the efficiency of power
dissipation was more than 0.6 at large strain in Domain B.
Similar results were reported by CHAKRAVARTTY
et al [33] which may represent the super plasticity in S
field. Thus, Domain B may be considered to be an
optimum hot working condition in the case of large
deformation. The typical microstructure of Domain B is
shown in Fig. 5(c) with recrystallized grains along the

strain rate of 1 s

grain boundaries.
4 Conclusions

1) The flow curves showed significant flow
softening with a peak stress. Unlikely to other Zr alloys,
a significant initial discontinuous yielding is found in the
Zrs50Tiso alloy flow curves at low temperatures and high
strain rates. The yield drop decreases with increasing
deformation temperature and decreasing strain rate.

2) The peak stress decreases with increasing
deformation temperature and decreasing strain rate. The
dependence of the peak on deformation
temperature and strain rate can be described by an

stress
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empirical Arrhenius-type equation:

& =3162.13[sinh(0.007320,,)]** exp[~103274 /(RT)] .
3) The deformation activation energy is calculated

to be 103 kJ/mol, which is close to the self-diffusion
activation energy of f-Zr. Hence, it is assumed that

dynamic recovery becomes dominant deformation
mechanism of ZrsgTisy alloy. In addition, the
microstructural observation confirms that dynamic

recrystallization is delayed due to the dynamic recovery.
4) According to the processing map, for the Zrs,Tis,

alloy, the optimum processing parameters for hot

working are found to be 830-850 °C and 0.56—1 s .
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BEMNTIREST ZrsoTisy 8%
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i p BHEXATRAT ARSI

Bz, m&E!, A, g, = ', PRE?
Legs !, ksE ', k¥FF !, xa !

1. #elh K= WAMBHISHAR SR 2EREALRE, 25 066004;
2. VL TRE R L& HIE2ARE, HEER 056038

8 E: RSN 700~850 °C FIRIASEE A 0.001~1 s AR, BIAT Zrs,Tisy & 7E f A X IHATHAT N
FZHZUEAS . 048 28 230 T B AR . TERRI AR T, WL T AL E RIS, X —Fpafe L
e G S RE R HEERRIATEEIERE N 103 kI/mol, & TiZE4LE g BMX KRN 1158
AR ICIRE 2 M AR TR . T RHZE SRS EZNEERISE, I H b TREEM SIS RE %
RINE] TSR ME, @R T EEMHAMTTE, RSN T ERE] T AL p AR X 1A
PASTEIN TS HONIEE 830~850 °C, ASTLHE Ny 0.56~15 ',

KR BiA4s ALY, RUWHELERE: A InTE
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