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Abstract: The high-temperature flow behavior of TC11/Ti—22AI-25Nb electron beam (EB) weldments was investigated by the
isothermal compression tests at the temperature of 900—1060 °C and the strain rate of 0.001—10 s '. Based on the experimental data,
the constitutive equation that describes the flow stress as a function of strain rate and deformation temperature is obtained. The
apparent activation energy of deformation is calculated, which decreases with increasing the strain and the value is 334 kJ/mol at
strain of 0.90. The efficiency of power dissipation # changes obviously with the variation of deformation conditions. Under the strain
rates of 0.01, 0.1 and 1 5™, the value of 4 increases with increasing the true strain for different deformation temperatures. While the
value of 5 decreases with increasing the strain under the strain rates of 0.001 and 10 s '. The optimum processing condition is
(tp=1060 °C, & o,=0.1 s ") with the peak efficiency of 0.51. Under this deformation, dynamic recrystallization (DRX) is observed
obviously in the microstructure of welding zone. Under the condition of 1060 °C and 0.001 s, the deformation mechanism is
dominated by dynamic recovery (DRV) and the value of # decreases sharply (#=0.02). The flow instability is predicted to occur since
the instability parameter &{( € ) becomes negative. The hot working process can be carried out safely in the domain with the strain rate

0f 0.001-0.6 s " and the temperature of 900—1060 °C.
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1 Introduction

Electron beam welding (EBW) is a fusion joining
process in vacuum environment with high density of
energy, which can be used in nuclear and aerospace
industries for complex structures with joining or surface
melting [1,2]. If the EBW was used to joint different
alloys, the combination might meet different kinds of
property needs, making use of each material efficiently.
A great number of researches have been conducted to the
EBW techniques for metallic materials [3—5]. ZHAO and
LIU [3] analyzed the fatigue properties, tensile properties
and microstructure evolution of 06Cr19Nil0 austenitic
stainless steel. WANG and WU [4] investigated the
microstructure and mechanical properties of electron
beam welded joints for Ti—6Al-4V alloy. ZHANG
et al [5] explored the microstructure and tensile property
of dissimilar joint weld between TizAl and TC4.
Generally, the EBW method can produce quality welds
for titanium alloys without limit interstitial element

(mainly oxygen) ingression in vacuum environment, but
the solidification micropores still existed in the fusion
zone as the fast solidification rates. SABOL et al [6]
studied the metallurgical aspects and localized tensile
strain distribution of electron beam welded Ti—5AI-5V—
Mo—3Cr titanium alloys. Meanwhile, fracture occurred
in the weld area and was primarily due to the microvoid
coalescence. The solidification of EBW is a
nonequilibrium process. Columnar grains and metastable
phases were formed which were detrimental to the
mechanical properties. To eliminate those defects, the
following hot working process including hot plastic
deformation becomes a key process. LIU et al [7] and
TAN et al [8] discovered that isothermal deformation and
heat treatment had important influence on the
microstructures and properties of dissimilar joints of
TCI11/Ti—24Al-15Nb—1.5Mo and TCI11/Ti—22A1-25Nb
alloys welded by the EBW process.

The high temperature deformation behaviors of
metals and alloys are very complex during the hot forming
process [9]. The processing map is a representation of
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the response of material in respect of the microstructural
evolution under the applied process parameters, which is
based on the dynamic materials model (DMM) [10].
Processing map is a useful method to identify the
deformation temperature—strain rate windows for hot
working, which has been developed to optimize the hot
working process of the metals or alloys in recent years.
NING et al [11] analyzed the hot deformation behavior
and working characteristic of nickel-based electron beam
weldments using the processing map. In the present
study, the EBW of the mechanically polished TC11 alloy
and Ti—22Al-25Nb alloy was conducted. The hot
deformation behavior of TC11/Ti—22A1-25Nb EB
weldments was investigated based on the isothermal
compression tests conducted at different deformation
temperatures and strain rates. Based on the compression
results and the related analyses, the flow behavior was
investigated and the constitutive model was established.
Moreover, the approach of processing map was adopted
to explore the deformation mechanism during the hot
compression processing and to optimize the hot process
parameters for the EB weldments.

2 Experimental

The nominal compositions of TC11 alloy are (mass
fraction) 6.5% Al, 3.5% Mo, 1.5% Zr, 0.3% Si and Ti
balance; and the nominal compositions of Ti—22Al—
25Nb alloy are (mole fraction) 22% Al, 25% Nb and Ti
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balance. Figure 1 shows the typical microstructures of
the two alloys. The TCI1 alloy presents the typical
bimodal microstructure consisting of equiaxed o and
transformed S phase (Fig. 1(a)). The microstructure of
Ti—22Al-25Nb alloy is composed of large grains with o,
phase distributed at the grain boundary (Fig. 1(b)).

The block specimens with dimensions of 20 mm x
60 mm x 6 mm were prepared by mechanical polishing
for EBW. The EBW process was conducted using a
KS55-G150 model EBW machine with an accelerating
voltage of 150 kV. The welding current was 28 mA, the
focusing current was 2250 mA and the welding speed
was selected as 8 mm/s. The cylindrical compression
specimens with dimensions of d8 mm X% 12 mm were
machined from the centre of the EB weldments. The
fusion zone is in the middle of the -cylindrical
compression specimens (Fig. 1(d)). Figure 1(c) presents
the microstructure of the fusion zone.

The isothermal hot compression tests were
conducted on a Gleeble-=3500 thermo-simulation
machine at deformation temperatures of 900, 940, 980,
1020 and 1060 °C under strain rates of 0.001, 0.01, 0.1
and 1.0 s '. The height reduction for all the specimens
was 60%. All the specimens were heated at a heating rate
of 10 °C/s and soaked at the deformation temperature for
6 min in order to obtain a uniform temperature
distribution in the entire specimen. The strain—stress
curves were automatically recorded in the compression
process for each deformation temperature and strain rate.

22A1-25Nb

500 pm

Ti—22A1-25Nb

™

Fusion zone

Fig. 1 Typical microstructures of as-received TC11 alloy and Ti—22Al-25Nb alloy and their electron beam weldments:
(a) As-received TC11 alloy; (b) As-received Ti—22A1-25Nb alloy; (c) Electron beam weldments; (d) Schematic illustration of

weldments for isothermal hot compression test
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In the whole process of heating, the heat preservation
and hot deformation were protected by the argon. The
specimens were cooled down to room temperature by
water spraying. The samples were sectioned parallel to
the compression axis. The microstructure observations
were conducted using an Olympus—PM3 optical
microscope (OM).

3 Results and discussion

3.1 Flow behavior of TC11/Ti—22Al-25Nb dual-alloy
The typical true stress—true strain curves of
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TC11/Ti—22Al-25Nb dual-alloy obtained at various
deformation temperatures and strain rates are presented
in Fig. 2. As shown in Fig. 2, the stress—strain curves are
similar with each other and sensitive to the deformation
temperature and strain rate. The flow stress exhibits an
initial sharp increase with increasing the strain until a
peak flow stress occurs at a very small strain. And the
peak flow stresses decrease with an increase of
deformation temperature, whereas they all increase with
increasing the strain rate. In the following deformation,
the stress decrease with increasing the strain until a
relatively stable stress appears, showing a dynamic flow
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Fig. 2 True stress—ture strain curves of TC11/Ti—22A1-25Nb dual-alloy electron beam weldments in isothermal hot compression at
different temperatures: (a) 900 °C; (b) 940 °C; (c) 980 °C; (d) 1020 °C; (e) 1060 °C
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softening. The true stress—true strain curves can indicate
the intrinsic relationship between the flow stress and the
thermal-dynamic behavior. At the beginning of hot
compression, work hardening results in the rapid
increase of flow stress. With increasing the true strain,
the effect of flow softening causes that the flow stress
decreases and tends to steady state. However, it is
difficult to predict the deformation mechanism only by
relying on the shape of stress—strain curves. For instance,
the flow softening probably indicates dynamic
recrystallization (DRX), lamellar globularization or
adiabatic heating, etc [12,13]. Likewise, the steady state
flow behavior may demonstrate superplasticity or
dynamic recovery (DRV) [14]. Therefore, the flow stress
behavior will be analyzed in detail in the following
sections using the processing map combined with the
microstructure analyses.

The deformation temperature obviously affects the
steady flow behavior of EB weldments. The steady flow
behavior is inconspicuous at low deformation
temperatures (900 and 940 °C). As the deformation
temperature increases, the steady flow stress occurs more
quickly. Meanwhile, with a low strain rate (£ =0.001s"),
a steady stress state is achieved in which the flow stress
remains nearly constant with increasing the strain at
higher deformation temperature. These flow stress—strain
curves indicate that the dynamic flow softening is
sufficient to balance the work hardening effect. These
results have a good agreement with the researches of
TC11 alloy [15] and Ti—22Al-25Nb alloy [16].
Moreover, the EB weldments display oscillation flow
stress at higher strain rate (10 s') and over all
deformation temperatures. The oscillations in the stress—
strain curves are indications of dynamic recrystallization
(DRX), unstable deformation, or cracking [17]. This
phenomenon is consistent with the research results
reported by LI et al [18] and JIA et al [19].

3.2 Constitutive equation of TC11/Ti—22Al-25Nb

electron beam weldment

Arrhenius equation is widely used to describe the
relationship among flow stress, strain rate and
temperature at high temperature [20,21]. The effects of
temperature and strain rate on deformation behavior can
be represented by parameter Z (Zener—Hollomon). The
hyperbolic law in the Arrhenius type equation gives a
better approximation between parameter Z and flow
stress.

& = Alsinh(ao)]" exp[-OQ /(RT)] (D
Z = ¢exp[Q/(RT)] )
where ¢ is the strain rate (s '), Q is the deformation

activation energy (kJ/mol), R is the mole gas constant
(kJ/(mol'K)), T is the thermodynamic temperature (K),

and o is the stress for a given strain, 4, o and n are the
material constants which are independent of the
deformation temperature.

The constants of the hyperbolic sine equation can be
determined by the regression analysis of data using
natural logarithm. It can be seen that when the
deformation temperature 7 is constant, there exists a
linear relation between the natural logarithm of strain
rate (In¢) and the natural logarithm of flow stress
(Insinh(a)), and the following relation can be obtained:

he { Oln¢ } 3)
Oln[sinh(ao)] |,

When the strain rate is constant, the hot deformation
activation energy can be expressed by taking partial
derivative of Eq. (1):
0- Rn{@ln[sinh(aa)]} @

o(/T)

The following is taking the strain of 0.9 as an
example to introduce how to determine the material
constants. The amount of « is determined to be 0.011
from plots of In ¢ versus Ing and o versus Ing at
different deformation temperatures. By linear regression
of data from In[sinh(ao)] versus Inég, the average of
slopes gives the n value of 3.05. In a similar way, by
plotting In[sinh(ao)] versus 1/T (Fig. 3), the slope gives
the value of Q/(nR), where the apparent activation energy
of process is determined to be 334 kJ/mol. In the
previous researches, the apparent activation energies of
Ti,AINb-based alloys have been examined to be
250-540 kJ/mol [19,22,23], while the apparent
activation energies of TC11 alloy have been examined to
be 471.6 kJ/mol [24] in the a+f phase region and
172.3 kJ/mol [25] in the f phase region. The value of
apparent activation energy for TC11/Ti—22A1-25Nb EB
weldments in this work is between the values reported in
the previous researches. Figure 4 shows the relationship
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Fig. 3 Relationship between In[sinh(ao)] and 1/T
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between the strain rate temperature parameter Z and the
flow stress with a correlation coefficient of 0.978. From
the linear regression of data, the material constant 4 can
be obtained as 5.20x10'2. Based on the experimental
results, a constitutive equation that describes the flow
stress as a function of strain rate and deformation
temperature in the isothermal hot working process can be
expressed as

_ 5
£=5.20x10"[sinh(0.0110)]*% exp(%) (5)

If the above mentioned process of calculation is
repeated for different strains, the apparent activation
energy Q can be obtained associated with the strain. The
apparent activation energies for TCI11/Ti—22AI-25Nb
EB weldments are calculated with different strains of
0.1-0.9. The apparent activation energy with standard
deviation for deformation at different strains is illustrated
in Fig. 5. Also, the relationship between the apparent
activation energies and the true strains for the EB
weldments can be expressed as the 5th order polynomial
function fitted as shown in Eq. (6). It is easy to find out
that the regression curve fits the experimental data very
well. From Fig. 5, it can be seen that the apparent
activation energy for deformation decreases from
(627+£140) kJ/mol to (334+66) kJ/mol as the strain
increases form 0.1 to 0.9. The similar variation of
apparent activation energy for Ni—Cr—Co-based P/M
superalloy has been obtained [26]. The main reason is
considered that only a small number of soft-oriented slip
systems and grains take part in the deformation in the
initial stage of deformation, so the value of apparent
activation energy is high. And then grain rotation occurs
and more slip systems are activated with increasing the
deformation strain, resulting in the decrease of apparent
activation energy.

O =744.8-1487.66 +3936.7¢% —7137.5¢° +
6703.45* —2466.95° (6)
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Fig. 5 Relationships between apparent activation energy (Q)
and true strain of electron beam weldments

By applying the determined material constants of
the constitutive equations, the flow stress can be
calculated for different deformation temperatures at the
strain rate of 0.001-10 s'. Figure 6 shows the
comparison of the experimental stress—strain data with
the calculated results for four different strain rates at
940 °C. In order to evaluate the accuracy of the
deformation constitutive equation, the error between the
calculated flow stress (o.) and the measured flow stress
(om) can be calculated. Table 1 lists the results of this
evaluation for flow stress calculated at strains of 0.1, 0.3,
0.5, 0.7 and 0.9 with strain rates of 0.001, 0.01, 0.1, 1
and 10 s at 940 °C. It can be easily found that, for the
worst case, the error in the flow stress estimate is 10.76%
at the strain of 0.1. As the flow stress decreases and tends
to be steady state, the error has a decreasing tendency. At
the strain of 0.7, the error is 4.81%. It can be found that
the predicted results have a good agreement with the
experimental data. The results indicate that the proposed
deformation constitutive equation gives an accurate
estimate of the flow stress for TC11/Ti—22AI-25Nb EB
weldments.
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Fig. 6 Comparisons between predicted and measured flow
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stress curves of electron beam weldments deformed at 940 °C
Table 1 Comparisons of calculated (o) and measured (o,,) flow
stress values for cases with temperature of 940 °C

Strain Striarill o/ O/ Error analysis
rate/s MPa MPa Error/% Mean/%
0.001  64.57 75.32 13.12
0.01 115.16  133.19 12.88

0.1 0.1 191.16  209.21 8.63 10.76

1 252.08  293.74 13.30
10 358.65  381.01 5.87
0.001  49.51 56.06 11.68
0.01 93.32 102.74 9.17
0.3 0.1 160.32 166.96 3.98 6.75
1 227.15  240.03 5.37
10 304.68  315.96 3.57
0.001  39.50 42.53 7.12
0.01 74.23 82.89 10.45
0.5 0.1 137.8 142.06 3.00 5.12
1 216.05  211.23 2.28
10 27578  283.52 2.73
0.001  35.63 35.51 0.34
0.01 67.42 71.65 5.90
0.7 0.1 116.41 127.62 8.78 4.81
1 198.55 195.20 1.72
10 247.06  266.52 7.30
0.001  34.96 32.85 6.42
0.01 63.08 65.16 3.19
0.9 0.1 106.05 113.1 6.23 5.08
1 184.91 179.98 2.74
10 228.03  244.14 6.60

3.3 Processing map for TC11/Ti—22A1-25Nb dual-

alloy

In the past twenty years, processing map has been
used to optimize the processing parameters in hot
working of the metallic materials, such as titanium
alloys [15—17], superalloys [27,28], and aluminium
alloys [29,30]. According to the principles of DMM, the
materials undergo the hot deformation can be considered
as a power dissipater, which assumes that most of the
instantaneous power P absorbed by work-piece is
dissipated by the dissipative magnitude G, which is the
power dissipated via the plastic deformation, and the
dissipative coordination magnitude J, which is the work
related to metallurgical evolution via different
mechanisms such as phase transition, DRV and DRX.
The ratio of 0J/0G is equivalent to the strain rate
sensitivity exponent m. when m is 1, material is in an
ideal linear dissipation state. The dissipative coordination
magnitude J reaches the maximum J,_, =o0¢/2. By
normalizing the instantaneous J with the maximum value,

the efficiency of power dissipation # can be defined as

J 2m
= = 7
g Jmax mMm+1 @

The power dissipation map is obtained by plotting
iso-efficiency contour map of the parameter 7. A
continuum criterion for the occurrence of flow instability
is obtained by utilizing instability criterion established by
PRASAD and SESHACHRYULU [31] which is shown
as follows:

() = aln[m/(l.-i-m)]_‘_m<0 )
Olng

where &£(¢) is the instability parameter. The flow
instability is predicted to occur when &(£) becomes
negative. The values of m can be calculated by
differentiating the three-order polynomial fitting line of
Iné—Ino plots. Then, the efficiency of power
dissipation (#) and the instability parameter () can be
calculated by Egs. (7) and (8), respectively. A processing
map can be constructed by superimposing the instability
map over the power dissipation map, from which the
individual microstructure processes and the limiting
conditions for the regimes of flow instability can be
obtained.

Figure 7 shows the effects of strain on the efficiency
of power dissipation (x) for TCI11/Ti-22A1-25Nb
dual-alloy under different strain rates and deformation
temperatures. Obviously, the values of # are sensitive to
the strain under the studied experimental condition and
change gradually with the strain, deformation
temperature and strain rate. When the strain rates are
0.01 (Fig. 7(b)), 0.1 (Fig. 7(c)) and 1 s~ (Fig. 7(d)), the 5
values increase with increasing the strain. Meanwhile, at
the strain rate of 0.01 s, the # maintains high values for
all deformation temperatures. However, when the strain
rates are larger or lower such as 10 s ' (Fig. 7(e)) and
0.001 s' (Fig. 7(a)), the 5 values decrease with
increasing the strain, except that there is a slight
fluctuation under the deformation temperature of 900 °C.
The efficiency of power dissipation can be used to
indicate the dissipation of power induced by the
microstructural evolution. Generally speaking, the
domain with high efficiency of power dissipation has
good workability for material. However, the higher
efficiency of power dissipation does not mean better
workability. It should be analyzed combined with the
instability parameter (&).

The processing map of the EB weldments
constructed at the strain of 0.90 is given in Fig. 8. In the
map, the variation of efficiency of power dissipation (#)
corresponds to the temperature and strain rate is
represented as a contour map while the shaded
region corresponds to the flow instability (£(g) <0).
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The efficiency contours in the map have a curvature
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trajectory change in the temperature range of
960—970 °C, and a similar change is also observed at
about 1000 °C. These changes are related to the phase
transformation of the two alloys. For the TC11 alloy, the
f transition temperature is about 1000 °C. Meanwhile,
for the Ti—22Al-25Nb alloy, the phase transition
temperature (at which p/B2+0O—a,+f/B2+0) is about
970 °C and other phase transition temperature (at which
0, +p/B2+0—a,+f5/B2) is about 1010 °C. Such points

of change incurvature are also observed in the
processing map of other alloy systems, which are
associated with the occurrence of phase transformation
and dissolution [11,18]. The peak efficiency of power
dissipation about 0.51 in the map occurs at around
1060 °C and 0.1 s™'. The domain appears to extend to
moderate strain rate (0.01-0.1 s '), and may even reach
high peak efficiency (>0.40).

The domains of processing map can be interpreted
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Fig. 8 Processing map of electron beam weldments processed
with strain of 0.90 (Contour numbers indicate efficiency of
power dissipation (;) and shaded region represents flow
instability region)

based on the characteristic efficiency variation associated
with the microstructural evolution [32,33]. The domains
marked by the limiting conditions are designated as
“safe” for processing. The deformation mechanisms of
the safe domains include DRV, DRX and super-plasticity.
Normally, the value of efficiency of power dissipation
related to DRX is about 0.30—0.50, while that associated
with super-plasticity is very high (about 0.60) [34,35].
The typical microstructures of the dual-alloy EB
weldments processed after hot compression are shown in
Figs. 9 and 10. The typical microstructures are all
deformed at the strain rate of 0.1 s' and different
temperatures. Under these conditions, the efficiency of
power dissipation is high. Under the deformation
condition of 900 °C and 0.1 s, it can be seen that fine
phases precipitate in grains along the direction of metal
flow (Fig. 9(b)). In the heated affected zone (HAZ) of
TCI11 alloy, more lath-like a phases precipitate with
strong direction performance as the deformation effect.
Near the fusion zone, fine recrystallized £ grains can be
observed (Fig. 9(a)). It indicates that DRX occurs during
the deformation process. As the deformation temperature
increases, the microstructure of welding zone has
changed. When the deformation temperature rises up to
1060 °C which exceeds the f phase transformation point
of two alloys, the microstructure of welding zone mainly
consists of f grains (Fig. 10). As mentioned above, the
peak efficiency of power dissipation occurs at the region
1060 °C and 0.1 s'. The microstructure observation is
conducted to validate the accuracy of DRX occurring
under this condition. In the HAZ of TC11 alloy, the §
grains are elongated along the deformation lines and the
recrystallized grains can be found at the primary grain
boundaries (Fig. 10(a)). In the fusion zone and HAZ of

Ti—22Al-25Nb, the DRX microstructures are more
evident (Figs. 10(b) and (c)). It can be found that the
primary grain boundaries become serrated and bulged. A
few newly formed fine DRX grains are observed.
Generally, DRX is a beneficial process during the hot
deformation since it can provide stable flow and make
the microstructure reconstituted.

Fig. 9 Typical microstructures of TCI11/Ti—22A1-25Nb dual-
alloy deformed at strain of 0.90 under deformation condition of
900 °C and 0.1 s~ (4=0.46): (a) Interface of TC11 alloy and
fusion zone; (b) Fusion zone; (c) Interface of Ti—22AI-25Nb
alloy and fusion zone

From the processing map (Fig. 8), it can be found
that with decreasing the strain rate, the efficiency of
power dissipation reduces sharply under the deformation
temperature of 1060 °C. Combined with the
microstructures (Fig. 11), it can be found that the grains
coarsen seriously. When the strain rate decreases, the
specimens are kept at high temperature for longer time
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Fig. 10 Typical microstructures of TC11/Ti—22A1-25Nb dual-
alloy deformed at strain of 0.90 under deformation condition of
1060 °C and 0.1 s™' (#=0.51): (a) Interface of TC11 alloy and
fusion zone; (b) Fusion zone; (c) Interface of Ti—22AI-25Nb
alloy and fusion zone

and the work hardening rate is low, the deformation
mechanism is dominated by DRV under this deformation
condition. In addition, the processing map predicts a
large instability domain located in the temperature range
of 900—1060 °C with the strain rate higher than 0.6 s .
The microstructural evolution during the deformation is
shown in Fig. 12. Figure 12(a) shows the metallograph at
the temperature of 900 °C with the strain rate of 10 s, It
can be seen obviously that the adiabatic shear bands are
present at an angle of 45° to the compressive axis, which
is often observed in titanium alloys at low temperature
and high strain rate. Figure 12(b) shows the metallograph
at the temperature of 1060 °C with the strain rate of
10 s™', which presents the typical microstructure of flow
localization in HAZ.

[ e
) Fusion zone Ti—22A1-25Nb

bt T . X ~ 100pm

.

Fig. 11 Typical microstructures of TC11/Ti—22A1-25Nb dual-
alloy deformed at strain of 0.90 under deformation condition of
1060 °C and 0.001 s ' (#=0.02): (a) Interface of TC11 alloy and
fusion zone; (b) Fusion zone; (c) Interface of Ti—22AI-25Nb
alloy and fusion zone

4 Conclusions

1) The deformation temperature and strain rate
affect the flow stress in the isothermal deformation of
TC11/Ti—22A1-25Nb EB weldments significantly. The
flow stress decreases with increasing the deformation
temperature and decreasing the strain rate. The apparent
activation energy of the EB weldments in the hot
working process is calculated to be 334 kJ/mol, and a
constitutive equation by which the flow stress is
represented as a function of strain rate and deformation
temperature, is designated as

-3.34x10°

&=5.20x10"[sinh(0.0115)]>% exp(T)
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e

Flow localization

Fig. 12 Microstructures occurring in instability domain of
electron beam weldments: (a) Adiabatic shear band under
deformation condition of 900 °C and 10 s'; (b) Flow
localization under deformation condition of 1060 °C and 10 s*

2) The apparent activation energy for deformation
in isothermal compression of the EB weldments
decreases with increasing the strain at all deformation
temperatures. The relationship between the strain and the
value of apparent activation energy is studied, and the
5th order polynomial function is built. The apparent
activation energy value under different strains can be
described well with the function.

3) The efficiency of power dissipation # obviously
changes with the variation of deformation conditions.
Under the strain rates of 0.01, 0.1 and 1 s, the value of
n increases with increasing the true strain at different
deformation temperatures. While the value of #
decreases under the strain rates of 0.001 and 10 s
except that there is a slight fluctuation at the deformation
temperature of 900 °C.

4) The hot working process can be carried out safely
in the domain with the strain rate of 0.001-0.6 s ' and
the temperatures of 900—1060 °C. When the height
reduction is about 60%, the optimum processing
condition is (t,,i=1060 °C, & o,=0.1 s') with the peak
efficiency of 0.51. Under this deformation, DRX is
observed obviously in the microstructure of welding
zone. Under the condition of 1060 °C and 0.001 s', the
deformation mechanism is dominated by DRV and the
value of 7 decreases sharply (#=0.02).
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