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Abstract: The hot compression deformation behavior of Cu—3Ti—0.1Zr alloy with the ultra-high strength and good
electrical conductivity was investigated on a Gleeble—3500 thermal-mechanical simulator at temperatures from 700 to
850 °C with the strain rates between 0.001 and 1 s '. The results show that work hardening, dynamic recovery and
dynamic recrystallization occur in the alloy during hot deformation. The hot compression constitutive equation at a true
strain of 0.8 is constructed and the apparent activation energy of hot compression deformation Q is about 319.56 kJ/mol.
The theoretic flow stress calculated by the constructed constitutive equation is consistent with the experimental result,
and the hot processing maps are established based on the dynamic material model. The optimal hot deformation

temperature range is between 775 and 850 °C and the strain rate range is between 0.001 and 0.01 5"
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1 Introduction

Copper based elastic alloys with high strength
and good electrical conductivity have been widely
used in electronic and electrical industries [1—4].
The frequently-used copper—beryllium alloys
have a ultra-high strength higher than 1000 MPa
and a relative high electrical conductivity of 22%
IACS [5]. However, the element beryllium in the
alloy is toxic during the manufacturing process and
lots of elastic alloys without beryllium element,
such as Cu—Ti alloys [6], Cu—Ni—Si alloys [1,7] and
Cu-Ni—Sn alloys [4,8] have been developed to
substitute for Cu—Be alloy. In recent years, the
Cu—Ti alloys have been paid a great attention owing

to their excellent comprehensive properties. As
typical age strengthening alloys, Cu—Ti alloys have
high elasticity, heat resistance, fatigue resistance as
well as the relative low bending radius ratio (R/f)
among the ultra-high strength copper alloys. Cu—Ti
alloys are environmentally friendly and low-cost
compared with the traditional high strength Cu—Be
alloy, and they also possess a high bending
tolerance performance compared with Cu—Ni—Si
alloy and Cu—Ni—Sn alloy. The Cu-Ti alloys
including YCuT—F, HPTC and NKT322 (which has
a tensile strength of 1200 MPa and electrical
conductivity of 13% IACS) have been developed
for potential application on connectors and springs
in electronic field.

However, the hot workability of the Cu—Ti

Foundation item: Project (2016YFB0301300) supported by the National Key Research and Development Program of China; Project
(U1637210) supported by the National Natural Science Foundation of China; Project (2019B10088) supported by the
Technology Research Program of Ningbo, China; Project supported by State Key Laboratory of Powder Metallurgy,

Central South University, China

Corresponding author: Zhu XIAO; Tel: +86-13974910804; E-mail: xiaozhumse@163.com

DOI: 10.1016/S1003-6326(20)65416-4



2738 Xu WANG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2737-2748

alloys is poor [9] and the hot rolling cracks easily
occur during hot deformation. Constitutive
equations and hot processing maps based on
dynamic material model (DMM) are usually
applied to predicting the hot deformation processes
of alloys. This method is widely used for various
alloys, such as Al [10], Ti[11], Mg [12], Cu [13,14]
alloys and different kinds of steel [15]. The hot
deformation behavior of these alloys, including
work hardening, dynamic recovery (DRV) and
dynamic recrystallization (DRX), have been studied.
It has been reported that the precipitates also have
a great effect on the hot deformation behavior of
the alloys [14,16,17]. Generally speaking, the
precipitates with the size of 0.5-2 pum could
promote the nucleation of DRX, while those with
the size smaller than 0.5 pum would pin the
dislocation and hinder the migration of grain
boundary, which inhibits the process of DRX [16].
Up to now, even though there have been some
researches on constitutive equations and hot
processing maps of Cu—Ti alloys [9,14,18,19], little
work has been done on the hot deformation
behavior of Cu—3Ti—0.1Zr alloy. It is necessary to
study the evolution of deformation microstructure
and dynamic recrystallization (DRX) of the alloy
during hot working systematically.

In this work, hot deformation behavior of
Cu—3Ti—0.1Zr alloy with ultra-high strength was
investigated by hot compression deformation
testing. The hot deformation temperature range in
the test was from 700 to 850 °C with the strain rate
from 0.001 to 1 s™'. Microstructure evolution was
studied using optical microscope (OM) and
transmission electron microscope (TEM) in order to
analyze the influence of temperature and strain rate
on hot deformation behavior of the alloy.
Constitutive equation and hot processing maps were
established according to the flow stress curves of
the alloy during deformation. The results in this
work can guide the hot working of Cu—3Ti—0.1Zr
alloy and provide the reference data for the
Cu—Ti-based alloys.

2 Experimental

The ingot of Cu—3Ti—0.1Zr (wt.%) alloy was
melted in a medium frequency induction furnace,
with the raw materials of pure copper (purity of
99.95%), Cu—25%Ti master alloy and Cu—20%Zr

master alloy. The ingot was homogenized at 920 °C
for 2 h. Cylindrical specimens with the diameter of
8 mm and the height of 12 mm were prepared using
spark-erosion wire cutting.

Hot compression deformation simulation
experiment was carried out on a Gleeble—3500
thermal simulator. The deformation temperatures
were 700, 750, 800 and 850 °C, and the strain rates
were 1, 0.1, 0.01 and 0.001 s' with a total true
strain of 0.9. Before compression, the specimens
were heated to the testing temperatures at a heat
rate of 5 °C/s and then held at the given temperature
for 3 min. After compression, the specimens were
quenched into the water quickly. Figure 1 shows the
schematic illustration of the whole test.
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Fig. 1 Schematic illustration of specimen and experiment
process

The OM specimens were etched in a solution
of FeCl; (5 g), HCI (25 mL) and deionized water
(75 mL) after mechanical polishing. The OM
images taken by a Leica DM6000M
microscope. TEM samples were electro-polished
between —30 and —20 °C with a Struers Tenupol—5
electrolytic instrument. The content of electro-
polishing solution was 30% HNO; and 70%
CH;0H. The observation was carried out using
Tecnai G*20 transmission electron microscope.

Were

3 Results and discussion

3.1 True stress—true strain curves

The true stress—true strain curves of
Cu—3Ti—0.1Zr alloy deformed at different
temperatures and different strain rates are shown in
Fig. 2. Deformation temperatures and strain rates
have significant influence on the flow stress. The
flow stress increases with the increase of strain rate
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Fig. 2 True stress—true strain curves of Cu—3Ti—0.1Zr alloy deformed at different temperatures and strain rates:

(a) 0.001 s (6)0.01s " (c)0. 1s;(d)1s"

and decreases with the increase of deformation
temperatures. For the specimens deformed at the
strain rates below 1 s ' (Figs. 2(a—c)), the whole
deformation process can be divided into three parts:
(1) at the early stage of deformation, flow stress
increases rapidly to a maximum value because of
work hardening; (2) at the second stage, flow stress
increases slowly owing to dynamic recovery (DRV)
and dynamic recrystallization (DRX); (3) at the
third stage, flow stress keeps stable, which is
caused by balance between work hardening and
softening.

However, the true stress—true strain curves
for specimens deformed at the strain rates of 1 s’
(Fig. 2(d)) are different from those shown in
Figs. 2(a—c). Typical continuous strain hardening
can be easily found in Fig. 2(d). Dynamic recovery
is the main softening mechanism at high
deformation strain rate, especially when the
deformation temperature is low. At the same time,
the work hardening is dominated compared with the

softening of DRV, leading to the slight increase of
flow stress.

The oscillation of flow stress is obvious in all
specimens (especially clear in Fig. 2(d)), indicating
a discontinuous yielding phenomenon. This is
attributed to the stress concentration and relaxation
that happen at grain boundaries or inside the
grains, resulting in the fluctuation of the flow
stress [20].

3.2 Microstructure evolution

The microstructures of Cu—3Ti—0.1Zr alloy
deformed at different temperatures and strain rates
are shown in Fig. 3. Elongated grains perpendicular
to the compression direction are found in specimen
deformed at 700 °C and 1 s (Fig. 3(a)) and the
crack along grain boundary appears. The same
structure is found in specimen deformed at 750 °C
and 1 s~ (Fig. 3(b)). A cavity forms at the junction
of grain boundaries under this deformation
condition due to the decrease of grain boundary
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Fig. 3 Microstructures of Cu—3Ti—0.1Zr alloy deformed at different temperatures and strain rates: (a) 700 °C, 1 s ';
(b) 750 °C, 1s7"; () 800 °C, 1 s'; (d) 750 °C, 0.001 s*; (e) 850 °C, 0.001 s

binding force. Shear bands can also be found in
grains. Similar deformation structures are observed
in specimen deformed at 800°C and 1s'
(Fig. 3(c)). However, deformation structures begin
to disappear when the specimens are deformed at a
strain rate of 0.001s™'. Necklace-like structure
composed of fine recrystallized grains forms along
the original grain boundaries during deformation at
750 °C and 0.001 s ' (Fig. 3(d)). The serrated grain
boundaries marked by arrows indicate that DRX
occurs. With increasing the deformation
temperature to 850 °C (Fig. 3(e)), recrystallized
grains coarsen and the distribution of grain sizes
becomes inhomogeneous.

3.3 TEM characterization
Figure 4 shows TEM images of dislocations

and DRX grains during deformation process. When
the alloy is deformed at 700 °C with the strain rate
of 1s', the dislocation tangle and cellular
structures can be seen in the specimen (Fig. 4(a)),
indicating that the density of dislocations in the
specimen is quite high. No DRX grains are found in
the specimen, suggesting that the dynamic recovery
is the main softening mechanism during
deformation at low temperature and high strain rate.
Density of dislocations is lower as the alloy is
deformed at 750 °C and 0.001 s 'in Figs. 4(b, c)
than that in Fig. 4(a). Dislocation wall and
dislocation network can be observed in Figs. 4(b, c),
as well as dislocation pairs. The diffraction spot
split in Fig. 4(b) illustrates that lattice distortion
occurs. Fine nanoscale DRX grains appear
when the specimen is deformed at 800 °C and 1 5™
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Fig. 4 TEM images of Cu—3Ti—0.1Zr alloy deformed under various conditions: (a) 700 °C, 1 s '; (b, ¢) 750 °C,

0.001 s7'; (d) 800 °C, 1s7'; (e) 800 °C, 0.01 s~

(Fig. 4(d)). When the strain rate decreases to
0.01s', the recrystallized grains coarsen and
subgrains form in recrystallized grains (Fig. 4(e)).

3.4 Construction and verification of constitutive
equation
Constitutive equations are widely used to
analyze the relationship among the flow stress,
strain rate and deformation temperature during the
hot deformation process, which can be expressed by
the following equations [21]:

E=4o" exp(—%), 0<0.8 (1)
&= A, exp(fo)exp(— g) 00>0.8 2)
& = A;[sinh(ao)]” exp(— g) 3)
Z = 4;[sinh(ao)]" = gexp( Q ) 4

where & is the strain rate (s '); o is the flow stress
(MPa); Q is the apparent activation energy (kJ/mol)
for hot compression deformation; R is the gas
constant (8.314 kJ-mol"-K™"); T is the absolute
temperature (K); 4;, 4,, 43, n, f, m and o are
material constants (a=f/n) [22]; Z describes the
relationship among flow stress, deformation
temperature and strain rate, which called Zener—
Hollomon parameter [23,24]. Equations (1) and (2)
are applied for the low stress level and high stress
level, respectively, while Eq. (3) is suitable for all
stress levels. Taking the logarithms of both sides of
Egs. (1), (2), (3) and (4) yields:

lnaéznan'—nglnA1 (5)
RT
lnézﬂo-—nglnA2 (6)
RT

In & = mIn[sinh(ao)]— % +1n 4, @)
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InZ = mIn[sinh(ao)] + In 4, ®)

Figure 5 shows the relations between strain
rate and flow stress. According to Eqgs. (5) and (6),
the value of » is the slope of the linear fits of Inég
and In ¢ in Fig. 5(a) and the value of f is obtained
from the slope of linear fits of Ing& and o in
Fig. 5(b). The average values of n and f are 6.29
and 0.057 MPa ™", respectively. So, a is calculated to
be 0.0091 MPa ™.
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Fig. 5 Relations between strain rate and flow stress:

(a) Ing-Ino;(b) Iné—o

QO can be calculated by partial differentiation
of Eq. (7), which is expressed as

0 =1000R Olneg OIn[sinh(ao)]
- dln[sinh(ao)] |, | 0(1000/T) |,
=1000Rms ©)

The linear fits of Ing& versus In[sinh(ao)] at
different temperatures and In[sinh(ac)] versus 7' at
various strain rates are shown in Figs. 6(a) and (b).
m and s are the average slopes of the plotted lines
with the values of 4.54 and 8.46, respectively.
Therefore, the apparent activation energy Q for the
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Fig. 6 Relations of Ing& vs In[sinh(ao)] (a),
In[sinh(ao)] vs T~ (b), and In Z vs In[sinh(ao)] (c)

designed alloy is calculated to be 319.56 kJ/mol.
Figure 6(c) displays the plotted line of In Z versus
In[sinh(ao)] and In A4; is the intercept which is
calculated to be 32.5.

On the basis of above analysis, the constitutive

equation of Cu—3Ti—0.1Zr alloy can be expressed

as

3250 4.54

&=¢""[sinh(0.00910)]"" exp[-319.56 / (RT)] (10)
It is necessary to point out that the stress (o)
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used in the above calculation is that at the true
strain of 0.8. Since material constants are related
with strain [25], the effect of strain on constitutive
equations can not be ignored. In order to study the
change of material constants under different
deformation degrees, different stress values at the
true strains from 0.1 to 0.8 at an interval of 0.05 are
used. The curves of a, m, O and In 45 are shown in
Fig. 7. They are expressed in the form of Eq. (11)
with 6-order polynomials:

OC(S):B()"‘B18+Bz€2+B383+B484+3585+B<)86

1.08
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1.04 } = Date point
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m(e)=CotCie+Cag’+Cse*+Cae™+Cse™+Ce®
O(e)=Dy+D\e+D1&”+Dse’+D e +Dse’+Dee’

In A3(e)=EotE\e+Eye’+Ese +Ege*+Ese +Eee®  (11)

Table 1 lists the results of the polynomial
fitting. According to Eq. (11) and results in Table 1,
parameters a, m, O and In A3 under various strains
are calculated. Equation (7) can also be written as

L i £SPI0/ (RT)]
a A,

1

1" (12)

O =

(b)

= Date point
— 6-order polynomial fitting

6.0

03 04 05 06 07 08 09

0 0.1 02
True strain
38 H(d)
37L = Datc point

— 6-order polynomial fitting

04 05 06 07 08 09
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Fig. 7 6-order polynomials curves of a (a), m (b), O (c) and In 4; (d)

Table 1 Coefficient of polynomial fitting for material constants

o m (0] In 43

B=0.01284 C=9.72196 Dy=3.78x10° Ey=38.59017
B=—0.03772 C=51.79347 D=-27123.52 E=3.76493
B,=0.21992 C,=240.76911 D,=—1.10x10° E,=—184.21944
By=—0.71168 C;=—609.61086 Dy=3.75x10° E3=657.96603

B,~=1.2354 C,=853.79375 Dy=-5.36x10° E~=—1052.4504
Bs=1.0825 Cs=620.81114 Ds=3.54x10° Es=814.02525
B¢=0.37691 Cs=183.09877 Dg=—8.26x10° E¢=243.0147




2744

With Eq. (12) and calculated parameters, the flow
stress of Cu—3Ti—0.1Zr alloy under different
deformation conditions can be achieved. The
predicted values from flow stress model and
experimental value from compression testing are
shown together in Fig. 8. It can be seen that in most
conditions, calculated values and experimental
values are consistent with each other.

3.5 Hot processing map

Hot processing maps based on dynamic
material model (DMM) have been widely used to
guide hot deformation processes. DMM given by
Prasad is built on continuum mechanics and
irreversible thermodynamics [26]. According to this
model, the workpiece is considered to be an energy
dissipater during the deformation process. The total
power dissipation (P) includes two parts: the plastic
deformation relevant to the heat dissipation effects
(G) and the metallurgical microstructures evolution
relevant to the power dissipation (J). The total
power dissipation can be described as follows:
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P=G€=G+J=Iodd€+J.O edo (13)

The proportion of G and J is determined by a
strain rate sensitivity of the flow stress (m'), which
can be expressed as [27]

= _9no)

~dG " o(lné) Jer (14)

At a given temperature, &, o and m’ conform
to dynamic constitutive equation:

o=ke™ (15)
Therefore, J can be re-written as
- m'océ
J=| édo= 16
I 0 m'+1 (16)

For ideal linear dissipation, m'=1 and J=
Jmax=0€/2=P/2. For nonlinear dissipation, parameter
n is used to evaluate the efficiency of power
dissipation during hot deformation:

J  2m

(17)

J m' +1
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Fig. 8 Comparison of experimental value and calculated value of flow stress under different conditions: (a) 0.001 s™';
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The power dissipation map contains all the
value of # calculated at various deformation
temperatures and strain rates. The instability map is
developed based on the extremum principles of
irreversible thermodynamics. The flow instabilities
parameter &(&) can be defined as [28]

olnfm'/(m'+1] (18)
olné B

The instability map includes all the values of
£(¢) at different temperatures and strain rates.
When &£(¢&) is negative, flow instabilities could
occur. Then, 1g o can be expressed with 1ge as

s(&)=

lgo=a+blgé+c(lge)’ +d(Igé)’ (19)
Therefore, the following equations are

achieved:

=308 _p o le st 3d(1gé) (20)
d(lgé)

2c+6dlge e

S =+ )10

1)

First, the parameters of power dissipation and
instabilities in the experimental deformation
conditions are calculated, and then inner mesh
interpolation method is used to supplement the
values of power dissipation and instabilities under
the nonexperimental deformation conditions. Using
Eq. (17) and Eq. (21), the hot processing map of
Cu—3Ti—0.1Zr alloy deformed at the strain of 0.6
and 0.9 are shown in Figs. 9(a) and (b), respectively.
Shaded domains represent unstable regions and the
contour lines represent the efficiency of power
dissipation #. It can be seen that the value of
efficiency of power dissipation is high at high
deformation temperature and low strain rate
regions. According to Fig. 9(a), the peak efficiency
is about 45% in the temperature range of
775—825 °C with the strain rate around 0.001 s’
(Domain C). Domain A occurs at low temperature
from about 700 to 750 °C with high strain rate over
0.1 s, where efficiency of power dissipation is low
at the same time. It is often considered as the
instability region. Domain B is another instability
region which happens at about 850 °C with strain
rate over 0.1 s”'. When specimens are deformed in
Domains A and B, flow instabilities can take place.
At the true strain of 0.9, Domain D in the
temperature range of 700—750 °C with low strain
rate is instability region as well as low efficiency of

power dissipation region. In Domain E at
approximately 800 °C, the highest 7 is 47%.

Domains C and E with the highest 7 are away
from unstable regions, so specimens deformed in
Domains C and E have good workability. According
to the hot processing maps in Fig. 9, the optimized
parameters for the hot deformation of Cu—3Ti—
0.1Zr alloy is 775—850 °C with the strain rate
between 0.001 and 0.01 s,
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Fig. 9 Hot processing maps of Cu—3Ti—0.1Zr alloy at
different true strains: (a) 0.6; (b) 0.9

3.6 Discussion

At the early stage of the compression,
dislocation density increases rapidly and then work
hardening causes the sharp rise of flow stress [14].
At the same time, deformation energy increases and
stores in the severe deformation zone, which will
promote dynamic recrystallization later [29,30].
According to the flow stress curves (Fig. 2),
dynamic recrystallization is easy to occur at low
strain rate or high temperature in hot deformed
alloys, as they provide enough time for energy
accumulation and thermal activation energy for
DRX. DRX grains preferentially nucleate along
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original grain boundaries because of the high
distortion energy on boundaries [31].

In Fig. 3(d), serrated boundaries result from
bulging of original boundaries due to local
migration. The strain-induced local grain boundary
migration can sweep away dislocations. Necklace-
like recrystallization grains misaligned with original
grains form finally. The emergence of necklace
structure indicates that the dominant dynamic
recrystallization nucleation mechanism is grain
boundary migration [32].

The accuracy of the established constitutive
equation can be seen from the comparison between
the experimental values and calculated values of
flow stress, as shown in Fig. 8. The experimental
values and calculated values are accordant with
each other under most deformation conditions.
However, the error between the two values is a little
large at the small true strain. The phenomenon is
probably caused by the simplification treatment.
When the samples are compressed at the low true
strain, the deformation process is not easy to reach
steady state and plastic deformation stage
completely. In the constitutive equations, the
parameters including n, 5, m and a are assumed to
be constants that are unrelated with the deformation
temperature or strain rate. However, the slopes in
Fig. 5 and Fig. 6 which represent the parameters are
different and the average values are taken, leading
to a relative large error between the experimental
values and calculated values at the low true strain.

In the hot processing maps, there are stability
deformation domains as well as instability
deformation domains. The former ones usually
result from dynamic recovery and dynamic
recrystallization. Instability domains are associated
with shear bands, flow localization, adiabatic
deformation bands, flow rotations and mechanical
twinning [33,34]. In Domain D which represents
high strain rate and low deformation temperature, a
large amount of dislocations are found (Fig. 4(a))
and the lattice distortion happens at the interface,
leading to the stress concentration [35]. When the
stress concentration exceeds the alloy strength,
cracks form along the grain boundaries as Fig. 3(a)
shows.

4 Conclusions

(1) The flow stress of Cu—3Ti—0.1Zr alloy

increases with decreasing deformation temperature
and increasing strain rate. The flow characteristics
of Cu—3Ti—0.1Zr alloy deformed at a true strain of
0.8 can be expressed in the form of constitutive
equation:

& =¢>[sinh(0.00910)]*** exp(-319.56 / (RT))

The apparent activation energy Q is calculated
to be 319.56 kJ/mol. The constitutive equation can
predict the flow stress of the alloy during hot
compression well.

(2) Hot processing maps are established which
show that the appropriate condition for hot
compression is from 775 to 850 °C with a strain
rate from 0.001 to 0.01 s™'. When the samples are
deformed at true strain of 0.9, the flow instability
zone appears at the deformation temperature of
700—725 °C with strain rate of 1 s~

(3) Subgrains and DRX grains tend to appear
in specimens deformed at high temperatures or low
strain rates.
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BESE Cu-3Ti-0.1Zr 4 &N EMALREMATIITA
ES 7‘@]’ ? EJ 1,2’ )g]' 75:],3’ ﬁﬁi&%'

1. FRIRSE MERIES TR, Kb 410083;
2. PR BRGBEEFRELLEE, K7 410083;
3. HEEM BRI TREAE ME AL E, K 410083

1 E: KM Gleeble—3500 kLl 38 45 /R 6] I BE (700~850 °C)HIAS [] & 48 1 2 (0.001~1 s )T, X # o
SFH Cu-3Ti—0.1Zr AE&MRERHTAT NI EREY, SE&EMNTRSRPRAIN Tk, sh&EE
VLR EhAFLS . B GSERNAEN 0.8 HH MRS AW TR, FBFREEN FHEILETERE O A
319.56 kI/mol. TEANFIRAET, AR H7 (1 SLISAE AT AR 2 (A R ZEAR /DN, 1 B ST (R A J7 FE AT DUR I L A
R Cu-3Ti—0.1Zr A& MHAEIAT N . UBIAMEBAD Y RERNE A S MAIN T E, WEF 54 B sn T
HIETLREN 775~850 °C, AR E R ILH N 0.001~0.01 57",
KR Cu-3Ti—0.1Zr &4 A AMHFE: BHEH; HmITE

(Edited by Bing YANG)



