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Abstract: To improve the hot workability of hard-deformed superalloy U720Li, the effect of holding time before deformation (5 and
10 min) on hot deformation behavior was investigated by hot compression tests. Results show that the flow stress increases with
increase in strain rate, while decreases with increase in deformation temperature and holding time. Based on the obtained Arrhenius-
type constitutive models, the calculated peak stresses are in good agreement with experimental values, indicating that this model can
accurately predict the hot deformation behavior of U720Li alloy, and the deformation activation energies for the holding time of 5 and
10 min were calculated to be 992.006 and 850.996 kJ-mol”, respectively. Moreover, processing maps of U720Li alloy with these two
holding durations were constructed. Through observation of deformation microstructures in each domain of the processing maps, the
optimal hot working conditions for the holding time of 5 min are determined to be 10901110 °C/ 1-10 s and 11461180 °C/1-10s™',
and the optimal hot working conditions for the holding time of 10 min are 1080—1090 °C/1—10 s and 1153—1160 °C/1-10 s,
indicating that the safe processing window can be obviously enlarged by shortening the holding time reasonably. In the absence of
cracking, the dynamic recrystallization (DRX) grain size increases gradually with increasing the deformation temperature and holding
time, but it first decreases and then increases with the increase in strain rate. When the deformation temperature is below 1100 °C, the
DRX mechanism is mainly the particle-induced continuous DRX. As the temperature is raised to above 1130 °C, the main DRX

mechanism changes to discontinuous DRX.
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Ni-based superalloys are key materials for manufacturing
aeroengine turbine discs because of their excellent high
temperature  strength, creep resistance and fatigue
resistance'?. Forging is the most widely used forming
method to prepare turbine discs. During the forging process,
the deformation behavior and microstructure of Ni-based
superalloys are very sensitive to the process parameters, such
as temperature, strain rate and strain”. U720Li is a typical
hard-deformed Ni-based superalloy with extremely high
alloying degree. The volume fraction of strengthening phase y’
reaches about 50vol% and the solvus temperature of )’ is as
high as 1160 °C, which seriously deteriorates its hot work-
ability™. Until now, how to expand the hot working window
of such hard-deformed superalloys is still a challenge.

Constitutive models and processing maps are critical to
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characterize the flow stress behavior, optimize process
parameters and control the microstructure evolution of
superalloys during hot deformation”. There are currently
several studies on the hot deformation behavior of U720Li
alloy. Qu et al' established the constitutive equation and
processing map, and found that dynamic recrystallization
(DRX) is the dominant softening mechanism during hot
deformation. Li et al” proposed that the DRX can be
promoted by raising the deformation temperature and
lowering the strain rates. Yu et al™ constructed the processing
maps and discussed the instability mechanism. Recently, Wan
et al” identified optimum hot deformation conditions for the
y/y" dual-phase range and quasi-y phase range based on the
processing map and deformation microstructures.

It is well accepted that the microstructure evolution of
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superalloys during forging process is mainly due to the
occurrence of DRX". However, the DRX mechanism of
U720Li alloy remains controversial at present. For example,
Li et al'" found that the DRX mechanism in p/y’ dual phase
range is the quasi-continuous dynamic recrystallization (quasi-
CDRX) plus discontinuous dynamic recrystallization
(DDRX), but that in y single-phase range is mainly DDRX.
Wan!""! found that the DRX mechanism is particle induced-
continuous dynamic recrystallization (PI-CDRX) plus DDRX
at low temperatures (1060—1120 °C), and mainly DDRX at
high temperatures (1140-1180 °C).

In the actual forging process, superalloy billets are always
heated for a definite time before deformation. Our recent
study has found that the holding time has a significant
influence on the volume fraction and size of y' phase!.
Extensive literature research suggests that the flow stress
behavior and DRX mechanism of Ni-based superalloys are
closely related to 9" characteristics!™'*"”. Hence, the holding
time before deformation can cause significant influence on the
hot workability and microstructure of U720Li alloy, which in
turn affects the mechanical properties of forgings. However,
the existing relevant research is mainly focused on the effects
of deformation temperature, strain rate and strain®'*"”. To the
best of our knowledge, there are few reports on how the
holding time affects the hot workability of U720Li alloy.

Therefore, the influence of holding time on the hot
deformation behavior and DRX mechanism of U720Li alloy
was investigated in this research. Arrhenius-type constitutive
models and processing maps for two holding durations were
established, and the optimum deformation conditions were
determined according to the microstructure observation of
each processing domain. The results can provide theoretical
guidance for optimizing the forging process of U720Li alloy
and improving mechanical properties of the forgings.

1 Experiment

1.1 Materials

The U720Li alloy bar with 110 mm in diameter provided by
the Western Superconducting Material Technologies Co., Ltd
was used as the experimental material. The alloy bar was
prepared by hot forging after triple melting process (vacuum
induction  melting+electroslag ~ remeltingtvacuum  arc
remelting). Its chemical composition was determined by the
iCAP6300 inductively coupled plasma-atomic emission
spectrometry (ICP-AES), and the result is listed in Table 1.

Specimens with a dimension of 10 mmx10 mmx10 mm
were cut from half radius of the bar through a wire-electric
discharge machine. Then, they were polished and chemically
etched in a solution of 10 g CuCl,+100 mL HCI+100 mL
C,H,OH for about 10 min. The original microstructure of

U720Li alloy bar was observed by Axio Vert. Al optical

Table 1 Chemical composition of U720Li alloy bar (wt%)

B C Al Ti Cr Co W Zr Mo Ni
0.014 0.021 2.41 5.11 1578 14.5 1.20 0.043 2.92 Bal

microscope (OM), as shown in Fig. 1. It can be seen that the
initial grain structure is quite uniform and equiaxed, and there
are lots of y' particles with the morphology more or less
spherical distributed along the grain boundaries. The quantita-
tive measurement result by Nano-Measurer 1.2 software
indicates that the average size of initial grains is about 23 pm.
1.2 Hot compression test

Hot compression tests were performed on the thermal
simulation machine (THERMECMASTOR, 100 kN) under
vacuum to study the hot deformation behavior of U720Li
alloy in different process conditions. Cylindrical specimens
with the dimension of @8 mmx12 mm for the tests were cut
from half radius of the bar. The deformation temperature was
1050—1180 °C, the strain rate was 0.01—10 s, and all tests
were conducted to a true strain of 0.8. The specimens were
heated at a heating rate of 10 ° C's' to the deformation
temperature, and held for 5 and 10 min before deformation.
The selection of these two holding time is mainly because the
y' characteristic and grain size of U720Li alloy after holding at
a certain temperature for 5 and 10 min are different obviously.
Moreover, the overlong holding time will lead to a very coarse
grain structure, which is harmful to the hot workability and
mechanical properties of the alloy!"”. After compression, the
specimens were immediately cooled by ejecting argon, and
hence the deformation microstructure was preserved. Fig. 2
presents the schematic depiction of the compression tests. In

Fig.1 Original microstructure of U720Li alloy bar
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Temperature: 1050-1180 °C
Strain rate: 0.01-10 s
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Fig.2 Schematic diagram of the hot compression tests
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order to minimize the friction between specimens and dies,
mica plates were placed between them. Besides, a K-type
thermocouple was applied to control the temperature.

Afterwards, the compressed specimens were sliced parallel
to the compression axis through the center. The sliced surfaces
were ground and polished, and then etched by the above
method. The deformation microstructures were observed by
OM. The average DRX grain size was measured by the Nano-
Measurer 1.2 software. To ensure the measurement reliability,
five optical micrographs (x500) were taken for each specimen
to calculate the average value.

2 Results and Discussion

2.1 True stress-true strain curves

Fig. 3 shows the true stress-true strain curves of U720Li
alloy at different strain rates and deformation temperatures
with a holding time of 5 min. The flow stress curves under
different test conditions exhibit similar characteristics. In the
early deformation stage, the flow stress increases rapidly to
the peak stress, which is mainly owing to the work hardening
caused by dislocation generation and multiplication*. Since
the stacking fault energy of U720Li alloy is low, the increase
in dislocation density will lead to the occurrence of DRX once
the deformation degree exceeds the critical strain. As the
deformation degree increases, the DRX becomes the main
softening mechanism, causing the decrease in flow stress.
When the work hardening and dynamic softening reach a
dynamic equilibrium, the flow stress maintains at a steady
value with increasing the strain. In addition, the flow stress
decreases with increasing the deformation temperature or
decreasing the strain rate. This may be because higher
temperatures accelerate the dissolution of y’, which weakens

its pinning effect on migration of dislocations and grain

U3 the lower strain rate favors the growth of

boundaries
DRX nuclei for the sufficient time, and decreases the
dislocation proliferation rate'?.

It is worth noting that the flow stress curves of the alloy
deformed at temperatures higher than 1100 °C and strain rates
greater than 0.1 s exhibit a yield drop phenomenon, and the
yield drop magnitude increases markedly with the increase in
strain rate. Similar phenomenon was also observed for other
Ni-based superalloys such as IN100, WASPALOY and
U720">"). Guimaraes et al® proposed that the occurrence of
yield drop for WASPALOQY alloy above the y’ solvus temper-
ature is due to the short-range ordered locking of dislocations.
Monajati et al'"” suggested that the higher temperature leads to
higher y’ dissolution degree, which results in the release of
more Al and Ti atoms from the y'. Then, a larger number of Al
and Ti atoms act as solutes in the matrix, which strongly
impedes the movement of dislocations and ultimately locks
them. The greater yield drop magnitude at higher strain rates
should be mainly attributed to the higher dislocation density,
which causes more interactions between dislocations and
solutes!"”. Besides, for the flow stress curves at the
deformation temperature of 1050 °C and strain rates lower
than 1 s, abnormal increase in the flow stress occurs as the
true strain reaches around 0.6 (Fig.3a—3c). This is because the
deformation under such conditions is uneven, which leads to
over-spread of compressed specimens at larger strains and
hence increases the friction™",

Fig. 4 shows the true stress-true strain curves of U720Li
alloy at different strain rates and deformation temperatures
with a holding time of 10 min before deformation. The flow
stress curves have similar characteristics with the flow stress
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Fig.3 True stress-true strain curves of U720Li alloy with a holding time of 5 min before deformation: (a) 0.01 s, (b) 0.1 s™, (¢) 1 s”, and
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Fig4 True stress-true strain curves of U720Li alloy with a holding time of 10 min before deformation: (a) 0.01 s, (b) 0.1 s, (c) 1 s™, and
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curves in Fig.3. However, the flow stress for the holding time
of 10 min is significantly lower than that for the holding time
of 5 min. Our previous study has found that the volume
fraction and size of y' gradually decrease as the holding time
prolongs, which weakens the pinning effect on grain
boundaries and results in increase in initial grain size before
deformation™. Based on the Hall-Petch relationship, increase
in initial grain size can decrease the deformation resistance™.
Besides, the
dislocations, which decreases the work hardening rate. Hence,
the flow stress is lowered as the holding time is prolonged to
10 min. No abnormal increase in flow stress occurs on the

dissolution of 9 reduces the pile-up of

flow stress curves, which means that increasing the holding
time to 10 min makes the deformation at low temperatures
(about 1050 °C) more uniform.
2.2 Arrhenius-type constitutive models

The Arrhenius-type model has been widely used to
establish the constitutive relationship among flow stress,
deformation temperature and strain rate for superalloys due to
high accuracy. The Zener-Holloman parameter (2)
representing effects of temperature and strain rate on the flow

its

stress can be expressed as follows™:

A[sinh (oo )]" all stress level
A, o™

A, exp ( ,Ba)
in which ¢ is the strain rate (s'); Q is deformation activation
energy (kJ'mol"); T is absolute temperature (K); R is gas
constant (8.314 kJ-mol'-K™"); o is the flow stress (MPa); 4, 4,,
A,, p and a=p/n, are the material constant; n is the stress

exponent.
The peak stress (o,) level was employed to describe the hot

Z= éexp(g

RT (M

low stress level

high stress level

deformation behavior. By taking the natural logarithm of
Eq.(1), Eq.(2) can be obtained:

In4 + nln[sinh(ac)]
Ind, + n /Ino

Ind, + fo

9
Iné RT

2

The values of B, n, n and QO can be calculated through
taking partial differential on both sides of Eq.(2)**":

dlne dlng dlne
= on = L n=—== 3
P ': do, i|T . |:aln0-p:|7~ ! 8ln[sinh(aap)] @
T
0=R olne 8ln[sinh(aap)] @

aln[sinh(aap>] . a(1/T)

Fig.5 shows the plots used for calculation of n, 5, a, n, QO
and In4 values for the holding time of 5 min. The f and n,
values can be evaluated from the average slopes of fitting
lines of Iné- o, (Fig. 5a) and Iné-Ino, (Fig. 5b) plots, respec-
tively. Then, a=p/n, will be obtained. The value of n can also
be determined by linear regression (Fig.5c). The Q value can
be derived from slopes of In[sinh(ag,)]-1/T curves at different
strain rates (Fig. 5d). By substituting the Q and n values
into Eq. (2), the value of In4 can be derived from inter-
cepts of fitting lines of In[sinh(ac,)] -1/T plot. As shown in
Fig.5e, there is a good linear correlation between the InZ and
In[sinh(ag,)].

Table 2 shows the average values of n,, f, a, n, O and
In4 for the holding time of 5 min.
these parameters into Eq. (1) (for all stress level), the
constitutive model for this holding time is established as
follows:

By substituting



2450 Zang Ximin et al. / Rare Metal Materials and Engineering, 2024, 53(9):2446-2457

3 3 3
a A ° [] b C
2t 2t 2F
1t 1t 1t
Or Y D 0f 0f
T -1F -1 -1F
K
E-2r 27 ‘o . 2r .
L = 1050 °C = 1050 °C = 1050 °C
3r o 1100°c| -3F e 1100°c | -3} e 1100°C
| A 1130°C | 4 1130°C al 4 1130°C
=t ey v 1160°C = . v 1160°C 4 v 1160 °C
-5F + 1180°c| -5} ¢ 1180°C | -5t * 1180°C
0 100 200 300 400 500 4.0 4.5 5.0 55 6.0 6.5 -1.0 -0.5 0.0 05 1.0 1.5 20 25
o,/MPa In(o,/MPa) In[sinh(aa;)]
20F 74+ e
1.5}F T2
= 1.0F 70
o)
S 0.5F 68 |
z 2
£ 00} 66
=
—-05F 64 |
-1.0F 62|
-1.5 : : : 60 —
0.68 0.70 0.72 0.74 0.76 -1.0 -05 0.0 0.5 1.0 15 2.0

Tx10° K!

In[sinh(aop)]

Fig.5 Plots of Iné-o, (a), Iné-Ing, (b), Iné-In[sinh(as,)] (c), In[sinh(ao,)]-1/T (d), and InZ-In[sinh(as,)] (e) for the holding time of 5 min

Table 2 Kinetic parameters of U720Li alloy for the holding time

of 5 min
B n, n a QO/kI-mol’! InA
0.039 6.416 4.618 0.00608 992.006 83.638
. asis 992006
_ 36 _
£=2.106x 10 sinh(0.006085, ) | exp( o7 ) (5)

Fig.6 shows the plots used for calculation of average values
of n,, B, a, n, O and Ind4 for the holding time of 10 min. The
calculation method for each parameter is the same as that for
the holding time of 5 min, and the calculated kinetic
parameters are listed in Table 3. It can be seen that the
activation energy (Q) for the holding time of 10 min is
obviously smaller than that for the holding time of 5 min. This
is mainly because the y’ dissolution degree and initial grain
size increase with prolonging the holding time, which lowers
the deformation resistance of the alloy. However, the
activation energies for U720Li alloy with both holding time of
5 and 10 min in this study are markedly higher than those
obtained in Ref.[9], which is mainly attributed to the addition
of grain boundary strengthening element boron in this study.

Similarly, by substituting the parameters in Table 3 into
Eq. (1) (for all stress level), the constitutive model for the
holding time of 10 min is established as follows:

850996
B ©

Fig.7 shows the comparison between peak stresses obtained

£=1.323 % 10"[sinh (0.006150,) ] exp(

by the compression tests and calculated by the established
constitutive models. Apparently, the calculated values agree

well with the actual values for both holding time. This
indicates that these two constitutive models have accurate
predictability for the deformation behavior of U720Li alloy.
2.3 Establishment of processing maps

Processing maps are usually used to study the hot
workability of superalloys®. Based on the dynamic materials
model (DMM), the total power (P) can be divided into two
parts: the power dissipated by plastic work (G) and the power
dissipated by microstructural evolution (J), such as dynamic
recovery, DRX and phase transformation. Hence, the P can be
expressed as follows™ "

P=G+J=fzadg'+j:éda %

When the strain and deformation temperature are constant,
the flow stress can be expressed as o = K&”, where K is a
material constant and m is the strain rate sensitivity. Then,
Eq.(7) can be derived as™:

1
“[o\m é eom éo
P=[{2)"do+ [ Kiras - + 8
O(K) ’ 088 m+1 m+1 ®

It can be seen that the energy dissipated by G and J depends

on m, and the m can be denoted by:

A {ﬂ(lna)}

m=—r = 9
dG d(Iné) ©)
Under the given strain and deformation temperature
occasions, the J can be described as:

(7., _ éom
J—jogda—m+1

(10)

However, in the actual hot deformation process, the energy
of the specimen cannot be linearly dissipated. Generally, the
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Fig.6  Plots of Iné-o, (a), Iné-Ing,, (b), Iné-In[sinh(as,)] (¢), In[sinh(ac,)]-1/T (d), and InZ-In[sinh(as,)] (¢) for the holding time of 10 min

Table 3 Kinetic parameters of U720Li alloy for the holding time

of 10 min
B n, n a O/kI-mol” InAd
0.038 6.181 4.569 0.00615 850.996 71.660

power dissipation efficiency (7) is introduced to assess the
power dissipation capacity of the specimen, which can be

evaluated as™":

J 2m
=Y =" 11
10 mt 1) (an

The power dissipation maps can be established according
to the variation of #. Domains with high # is usually
identified as the optimum processing conditions, which
needs to be verified by the deformation microstructure.
However, the high 7z does not ensure the optimal hot

workability, because the microstructure evolution of super-
alloys during hot deformation is quite complex. In order to
characterize unstable domains accurately, the indicator ¢

which represents the material instability is defined as
5,28]

follows!
. dln[m/(m+1)]
¢(e)= 9lné

It can be deduced from Eq.(12) that the unstable domains
are characterized by the negative value of & Based on the

+m<0 (12)

variations of flow instability parameter under all deformation

conditions, instability maps can be constructed. By
superimposing the instability maps over power dissipation
maps, the processing maps will be constructed. The detailed
steps to establish the processing map have been described in

Ref.[5,29].
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Fig.7 Comparison between peak stresses obtained by the compression tests and calculated by the established constitutive models for the holding

time of 5 min (a) and 10 min (b)
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2.4 Effect of holding time on processing maps

Processing maps of U720Li alloy are established within the
temperature range of 1050—1180 °C and strain rate range of
0.01-10 s™. The domains with a gray color represent unstable
zones and those with a white color denote stable zones.

Fig. 8 shows the processing map for the holding time of 5
min. The processing map contains three domains, and the
workability of U720Li alloy in each domain is discussed in
combination with microstructure observation. Domain A is the
stable zone with high 7 value as 28% —41%. The corres-
ponding microstructure proves that obvious DRX occurs
and no deformation defects form in Domain A. However,
when the strain rate is lower than 0.1 s”, incomplete DRX
structure forms, which will cause an adverse effect on the
service performance of the alloy, e.g., vulnerable to crack
initiation"”,

Domain B is the unstable zone with low # value of 15%—
25% in the temperature range of 1050—1090 °C and strain rate
range of 0.1-10 s™'. Mixed grain structures with coarse grains
distributed in chain shapes form in this domain, which will
deteriorate mechanical properties of the alloy”'. Domain C is
also the unstable zone with 5 value of 17% — 28% and
negative ¢ value, which exists in the temperature range of
1110-1145 °C and strain rate range of 1-10 s™. Mixed grain
structures also form in Domain C. It is widely accepted that
the adiabatic heating usually occurs during hot deformation at
high strain rates owing to the insufficient deformation time™.
The occurrence of adiabatic heating leads to rapid grain
coarsening in local regions, and hence the mixed grain

J030 /0

1100-°CT045

0.34 3 1\
W[ i

\ 0,34 038

structures form. Consequently, the optimum processing
conditions for the holding time of 5 min are determined to be
1090-1110 °C/1-10 s™ and 1146-1180 °C/1-10 s™.

Fig.9 shows the processing map for the holding time of 10
min, which contains four domains. Domain A is the stable
zone with high # value of 28%—39%, indicating that the main
DRX. According to the
corresponding microstructure observation, obvious DRX takes
place and no deformation defects form in this domain. Also,

deformation mechanism is

incomplete DRX occurs when the strain rate is lower than
0.1s".

Domain B is the unstable zone in the temperature range of
1050 —1073 °C and strain rate range of 0.01-0.1 s”. The
corresponding microstructure  suggests that the main
instability mechanism in Domain B is characterized by local
plastic flow, and the flow localization band is approximately
35° away from the compression axis direction. The local
plastic flow is easy to occur at low deformation temper-
atures™. Domain C is also the unstable zone with low # value
of 11%-28% in the temperature range of 1091—-1153 °C and
strain rate range of 0.5—10 s”. Based on the corresponding
microstructure, the instability mechanism in Domain C is
characterized by the adiabatic shear band which is caused by
severe plastic deformation localization. In such unstable zone,
the shear deformation is very concentrated and cracking is
easy to occur. Moreover, the formation of flow localization
and adiabatic shear band can induce poor mechanical
properties of the final products™.

Domain D with high # value (the maximum value is about

11302¢/10 s

Coarse grain

0.317]

.1060 1080 1100 1120 1140

Temperature/°C

Fig.8

1160 1180

Processing map for the holding time of 5 min with microstructure validation in different domains
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Fig.9 Processing map for the holding time of 10 min with microstructure validation in different domains

50%) and negative ¢ value exists in temperature range of 1164
—1180 °C and strain rate range of 0.01—0.1 s. The high 5
value indicates that this domain should be a stable zone.
However, the specimens deformed at 1180 °C crack obviously
and wedge-shaped cracks appear at triple junctions of grain
boundaries. Thus, Domain D is actually a severe instability
zone. Several studies have reported that the wedge cracking
usually occurs at high temperatures®™ ", Generally, the power
dissipation efficiency by cracking is high (close to that for
superplasticity), because the energy conversion efficiency into
surface energy is very high®".

Apparently, the instability mechanism for the holding time
of 10 min is quite different from that for the holding time of
5 min. The optimum processing conditions for the holding
time of 10 min are determined to be 1080—1090 °C/1-10 s
and 1153-1160 °C/1-10 s. Compared with the holding time
of 5 min, the safe processing window for the holding time of
10 min is obviously narrower. The prolongation of holding
time increases the degree of y’ dissolution, especially at high
temperatures, which weakens its pinning effect on grain
boundaries. Then, the adhesion of grain boundaries is
weakened and more significant grain coarsening occurs
before deformation, which deteriorates the hot workability
and makes it more prone to intergranular cracking. Based
on Yu et al’s research™, it is worth noting that the optimum
processing conditions for U720Li alloy should be 1090 —
1130 °C/0.08-0.5 s plus 0.005-0.008 s, and 1040-1085 °C/
0.005-0.06 s™. This is not consistent with the findings in this
study, which is mainly because their research temperature

range (1040—-1130 °C) and strain rate range (0.005-0.5 s™)
are quite different from those in this study, and the
holding time before deformation was not introduced in
their study.

2.5 Microstructure evolution at various deformation

conditions

The characteristic of flow stress curves indicates that the
DRX should occur under all deformation conditions"**".
Fig. 10 shows the deformation microstructures of U720Li
alloy with the holding time of 5 min. When the deformation
temperature is lower than of 1100 °C, a large number of y’
particles remain and the grain structure is relatively fine. For
the strain rate of 0.01 s, some new grains form around the y’
particles. With the increase in strain rate to 0.1 s™, lots of finer
new grains form around the j' particles. With further
increasing the strain rate to 1 s” or above, the matrix is fully
composed of new grains. But the initial grain boundaries are
not obviously bowed.

When the deformation temperature is higher than 1130 °C,
the amount and size of residual y' decrease markedly with
increasing the temperature. For the strain rate lower than 0.1
s, obvious bowing occurs at initial grain boundaries and fine
new grains form along the initial grain boundaries, forming
the “necklace structure”. When the strain rate is increased to 1
s' or above, the matrix is also full of new grains, which
indicates that the alloy undergoes complete DRX.

Fig. 11 shows the deformation microstructures for the
holding time of 10 min. When the deformation temperature is
below 1160 °C, the influence of temperature and strain rate on
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Fig.10 Microstructures of U720Li alloy deformed at different temperatures and strain rates with a holding time of 5 min

the DRX behavior is basically consistent with that for the
holding time of 5 min. However, when the deformation
temperature reaches 1180 °C, the extension of holding time to
10 min leads to the complete dissolution of y’, which causes
the disappearance of y' pinning effect on grain boundaries.
Hence, the migration of grain boundaries is promoted, and
then the grain structure becomes much coarser. But when the
strain rate is further increased to 10 s, the DRX grain size
becomes much smaller. This may be because the much higher
strain rate enhances the dislocation pile-up and increases the
stored energy, thus facilitating the DRX process™.

For each holding time, when the deformation temperature is
below 1100 ° C, the y" particles can effectively hinder the
movement of dislocations, forming high density dislocation
substructures and subgrain boundaries within initial grains. As
the deformation proceeds, the subgrains continuously absorb

dislocations, leading to the occurrence of DRX ultimately,
which is the PI-CDRX"". When the deformation temperature
is increased to above 1130 ° C, initial grain boundaries
bow obviously and the “necklace structure” forms, which
indicates that the main DRX mechanism becomes DDRX™".
Obviously, the DRX mechanism at low temperatures is
different from that in Ref.[11—12], but at high temperatures
it is similar to that in Ref. [12]. The change in DRX
mechanism with deformation temperature is mainly related to
the amount of residual y’ and its interaction with dislocations.
The lower o’ fraction is beneficial to grain boundary migration
which promotes the DRX nucleation through the bulging of
initial grain boundaries.

Fig. 12 shows the effect of deformation condition on the
DRX grain size. In the absence of cracking, the DRX grain
size first decreases as the strain rate increases to 0.1 s, and
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then increases as the strain rate increases to above 1 s”. The
main reason is that as the strain rate increases to 0.1 s, the

Fig.11 Microstructures of U720Li alloy deformed at different temperatures and strain rates with a holding time of 10 min
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Fig.12  Effect of deformation condition on the DRX grain size for the holding time of 5 min (a) and 10 min (b)

stored energy increases obviously, which promotes the nuclea-
tion of DRX. But as the strain rate further increases to above
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1 s, significant adiabatic temperature rise occurs, which
markedly promotes the growth of DRX grains. Besides, the
DRX grain size increases gradually as the deformation
temperature increases, and the DRX grain size for the holding
time of 10 min is obviously greater than that for the holding
time of 5 min. This is mainly due to the higher y" dissolution
degree at higher holding temperatures with longer holding
durations.

3 Conclusions

1) The flow stress increases with rising of strain rate, while
decreases with the increase in deformation temperature and
holding time. The Arrhenius-type constitutive models for two
holding time are established as follows: for the holding time of 5

L . 4618 992006
— 36 — .
min, £€=2.106 % 10 [51nh(0.006080p)] exp( RT ),
for the holding time of 10 min, ¢&=1.323x

10 sinh (0.006150,) | exp( - 850996 )

RT )

2) Processing maps for the holding time of 5 and 10 min
are constructed. The optimal hot working conditions for the
holding time of 5 min are determined to be 1090—1110 °C/
1-10 s and 11461180 °C/1-10 s, while those for holding
time of 10 min are 1080-1090 °C/1-10 s™ and 1153-1160 °C/
1-10 s". The safe processing window will be narrowed due
to the overlong holding time.

3) In the absence of cracking, as the strain rate increases
from 0.01 s' to 0.1 s', the DRX grain size decreases
markedly. But when the strain rate further increases from 0.1
s' to 10 s', the DRX grain size increases significantly.
Besides, the DRX grain size increases gradually with the
increase in deformation temperature and holding time.

4) The DRX mechanism is mainly PI-CDRX when the
deformation temperature is lower than 1100 °C, but it changes
to DDRX as the deformation temperature is increased to
above 1130 °C.
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RERE XN TSRS S UT20Li AT 21T AR 00

g, R, AL, ERUR, Bk’
(1 JLBH MRS MRRLS 5 TR, T PEFH 110870)
Q. WTRHIRY: MRS RESE, L7 #il 114051)
G. HHEEER SRV, LT LEH 110016)

7 OE: N TGRS SR A 4 UT20L1 AN LR, ST T AR TR ETORIEAT ] (5110 min) X %A SR TEAT AN . 45 8%
WR, JALAN N 8 A S AR P v TR K, A A T T R R R IR AR ] P B DTk o AR AR T ST ¥ Arrhenius AR RS HEL U AE B )
SEOGAE WA R, 1 B2 A R AT ME R TN U720L1 & & AR TEAT N . AR (R4 5 A1 10 min B 3R T B0 BE 2 51 4 992.006 1 850.996
kJ-mol”e HE3. T U720Li & 4 AEIX 2 P ORUR I A] T (R # N T Sl o A 5400 T 125 DX telont B (AR TR A2, B 17 AR IR S min A S £E N
T4 15 1090~1110 C/1~10 s Al 1146~1180 C/1~10 s, T {3 10 min [ 5 £E #0026 4 4 1080~1090 C/1~10 s Al 1153~1160 C/
1~10 8™ A JLIE 46 H AR TE AT (RIE I R AT KiZ & &ML AN TE . EREATFRNOELT, hEFSER (DRX) &bkt AT EE
ARV IR 5] F 2 D0 TR I O, (H B R AR S R A N el N E K. AR IR BT 1100 °C, B DRX MUK AR % FE4: DRX. 4
AR T 1130 °'C, 1% DRX HLHIEEAE N ARIELE DRX.
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