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Abstract: High temperature deformation behavior of BFel0-1-2 cupronickel alloy under compression in the temperature range of
1023~1273 K and strain rate range of 0.001~10 s™ was investigated to acquire the optimum hot deformation processing parameters.
The high temperature deformation behavior of BFel0-1-2 cupronickel alloy was characterized based on the analysis of the flow
stress, kinetics and processing map. The activation energy for deformation obtained during high temperature compression of
BFe10-1-2 cupronickel alloy was 425.299 kJ/mol. A constitutive equation was then developed to describe the flow stress as a
function of Zener-Holloman parameter and true strain. By comparing the calculated flow stress and the measured flow stress, the
constitutive equation was verified. The results show that the flow stress values obtained from the constitutive equation could track
the experimental results. Thereafter, the processing map based on dynamic materials model was established, and the validation of
processing map was investigated from the macro appearance and microstructure of compressed BFe10-1-2 cupronickel alloy.
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As a typical Cu-Ni alloy, BFel0-1-2 alloy has been
widely employed as pipelines, structural materials and ship
hulls in marine environments because of the excellent
corrosion resistance and anti-fouling properties ™.
Nowadays, cupronickel alloys are commonly produced by
semi-solid casting ingots and hot extrusion, which result in
a lot of problems, such as long process time, high energy
consumption, low product yield and high cost. Designers of
metal forming processes are eager to understand how metal
materials behave under hot working conditions . Hence, it
is of vital significance to understand its high temperature
deformation behavior, and thus we can design the suitable
deformation parameters.

Flow stress is one of the most important fundamental
performance indicators for the hot deformation process, which
determines the load and energy needed during the plastic
deformation .. As is well known, an constitutive equation is a
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powerful tool that can predict the flow behaviors of materialst.
Based on the dynamic materials model (DMM), processing
maps can be constructed to determine the optimum conditions
during high temperature deformation processes™. Many
researchers have attempted to use processing maps with a wide
range of materials '“**!. However, there are few researches on
the high temperature deformation behavior and workability of
BFel10-1-2 cupronickel alloy. Therefore, the main objective of
the present paper was to investigate the plastic flow behaviors
of BFel0-1-2 cupronickel alloy. Toward this end, isothermal
hot compression tests were conducted in the temperature range
of 1023~1273 K and strain rate range of 0.001~10 s™. Then the
constitutive equation and the processing map for BFel0-1-2
cupronickel alloy material were developed to optimize
processing parameters.
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The chemical composition (wt%) of BFel0-1-2
cupronickel alloy investigated in the present study is:
Nil0.80, Mn2, Fel.38, Cu bal. And the original
microstructure of as received BFel0-1-2 cupronickel alloy is
shown in Fig.1. Cylindrical specimens were machined with a
diameter of 10 mm and a height of 15 mm for compression
tests. The flat ends of each specimen were recessed by a
depth of 0.1 mm groove to entrap the lubricant for the
purpose of minimizing the friction. Each specimen was
heated to the deformation temperature at a rate of 10 <€/s,
and held for 3 min under the isothermal conditions before
compression tests. After deformation, the specimens were
cooled to room temperature in air, and the strain-stress
curves were recorded automatically in isothermal
compression.

To observe the microstructure, the compressed specimens
were axially sectioned and prepared by standard
metallographic techniques, and the position for OM
observation was illustrated in Fig.2 (Position 1).

2 Results and Discussion

2.1 Flow stress

Fig.3 demonstrates the obtained flow curves under
different deformation conditions. It can be seen that the
flow stress increases with decrease of the deformation
temperature and increase of the strain rate. At the initial stage
the flow stress increases with the increase of deformation.
Subsequently, there is a slow flow softening stage with the
increase of strain, followed by a steady-state flow at the
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Fig.1 Original optical microstructure of as received BFel0-1-2
cupronickel alloy
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Fig.2 Position of OM observation for compressed specimen
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Fig.3 Flow curves of BFe10-1-2 cupronickel alloy obtained under
various deformation conditions: (a) 1173 K and (b) 10 s™

large strain. Theoretically, the deformation at high
temperature is presented as the competing process of
dynamic softening (DS) and work hardening (WH). At the
beginning of deformation, the dislocation density increases
rapidly, leading to the increase of flow stress. Subsequently,
with increasing of the strain, the dislocation density in
subgrains reaches to a stable level because of dislocation
annihilation and recombination, which slows down the rate
of work softening due to DS. When the WH and DS reach a
dynamic equilibrium, the dislocation density remains
relatively constant, and the flow stress tends to be a steady
value. It can be seen from Fig. 3 that the flow stress
increases monotonically with the increase of strain under
some deformation conditions, and the rate of flow stress
rising decreases with the increase of strain. According to
the dynamic recrystallization (DRX) mechanism during hot
deformation process, the flow stress will exhibit a peak
stress due to the occurrence of recrystallization, and then
the flow stress will decrease until it reaches a steady stress.
However, there is no peak stress in Fig.3, only indicating
the occurrence of DRV during the deformation process.
Furthermore, a sudden drop can be observed in flow stress
at the early stage for low strain rates (0.01 and 0.001s™), as
shown in Fig.3a. Similar flow stress drop was reported by
Lin in BFel0-1-1 and BFe30-1-1 cupronickel alloy at the
strain rates of 10 and 20 st®* %% and 42CrMo steel at the
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strain rates of 10 and 50 s ®1, Further research needs to be
done to draw a firm conclusion.

The peak stress values of BFel0-1-2 cupronickel alloy
during isothermal compression are shown in Fig.4. It can be
found from Fig.4 that the peak stress decreases with
increasing of the deformation temperature, and increases
with the increase of strain rate. The overall increase at lower
strain rates has no obvious difference with that at high strain
rates. This phenomenon shows a significant difference with
those of some titanium alloys, in which the increase of peak
stress is relatively small for low strain rate values and it rises
with increase of strain rate owing to DRX "%,

2.2 Kinetic analysis

The dependence of flow stress on the strain rate and
temperature at high temperatures can be expressed in terms
of a kinetic equation:

), 1)
RT

where ¢ is strain rate (s™*), R is the universal gas constant
(8.314 J mol™ K™), T is the absolute temperature (K) and Q
is the activation energy of hot deformation (J/mol) that can
be obtained from following equations:

O—Rn d{In[sinh(ac)]} )

d@/T)
where o— g/, and 1 _ 0o , 1 _2Ino and
L olng n" Jdlnég

1 _ d{In[sinh(axc)]} . Therefore, Q can be obtained from
n d(lng)

the slops of lines of In[sinh(aos)-1/T], and the mean value of
Q obtained from different strains is taken as that of
activation energy for BFel0-1-2 cupronickel alloy, which
can be calculated to be 425.299 kJ/mol. Zener-Holloman
parameter (Z) is introduced to describe the relationship
between strain rate and deformation temperature:

&= AF (o) exp(—

Z =cexp (%) (3)

Thereafter, Eqg.(1) can be changed into the following
formula 1™

In=By+B;InZ+B,Ine @)

The values of B, can be obtained from the slope of the
lines in Ino-Ine. And B, and B; can be obtained from the
slope and intercept of the curves in (Ino-B,lng)-InZ. The
results of By, B; and B, of BFel0-1-2 cupronickel alloy are
provided in Table 1.

The developed constitutive equation of BFel0-1-2
cupronickel alloy at elevated temperatures is verified by
comparing the experimental and the predicted flow stress
data, as illustrated in Fig.5. It can be found that the
predicted flow stress values from the constitutive equation
can track the experimental data of BFel0-1-2 cupronickel
alloy under most deformation conditions. It is concluded
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Fig.4 Peak stress in the isothermal compression of BFel0-1-2
cupronickel alloy

Table 1 Constants of BFe10-1-2 cupronickel alloy in Eq. (4)
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Fig.5 Comparison between the experimental and the predicted
flow stress at the temperature of 1173 K (a) and the strain
rate of 10 s (b)

that the constitutive equation with high prediction precision
can be used to describe high temperature flow behavior of
BFel0-1-2 cupronickel alloy.
2.3 Processing map

The processing map based on DMM is widely used for
optimizing the hot working processing parameters.
According to the DMM, the mechanical process is
considered as a power dissipation system, and the
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characteristics of power dissipation through microstructural
changes are expressed in terms of an efficiency of power
dissipation #, which is defined as ™ ?%:

2m_ (5)

m+1
where m is the strain rate sensitivity parameter, and

m=0Ino/dIng . Therefore, 5 is a dimensionless parameter,

which characterizes the efficiency of the energy dissipation
by microstructure evolution during hot deformation. The
instability criterion is given as *”:
olIn( )
. m +1

()= e

Then, the processing map of BFel0-1-2 cupronickel
alloy is obtained by superimposing the instability map on
the power dissipation map. Fig.6 illustrates the processing
map for BFel0-1-2 cupronickel alloy at strain of 0.8. The
contour numbers in the figure indicate the efficiency of
power dissipation #. The dashed and non-dashed domains
represent the flow instability and reasonable deformation
regions, respectively. Generally, high efficiency of power
dissipation indicates an optimal deformation condition.
However, the high efficiency of power dissipation does not
necessarily indicate the good workability, because some
variations of instability such as wedge crack may occur at
this region. Therefore, only those deformation conditions
corresponding to both the high efficiency and stability
regions in processing map can be regarded as the suitable
hot working parameters 24,

It can be seen from Fig.6 that this alloy exhibits three
instability domains: (1) the first is at the deformation
temperatures from 1023 K to 1116 K and the strain rates
from 0.61 to 10 s™; (I1) the second is at the deformation
temperatures from 1095 to 1175 K and the strain rates from
0.001 to 0.033 s™*; and (I11) the third is at the deformation
temperatures from 1190 to 1273 K and the strain rates from
0.004 to 0.257 s™, indicating a hard working ability of
BFel10-1-2 cupronickel alloy.

Fig.7 shows the representative macro appearance and
microstructure of BFel0-1-2 cupronickel alloy at the
temperature of 1073 K and strain rate of 10 s,
corresponding to the instability domain of position I in Fig.
6. It can be seen from Fig.7a that the specimen after high
temperature compression exhibits evident inhomogeneous
deformation (red arrows in the figure). The microstructure
of the specimen shows that high strain rate and low
temperature lead to the flow localizations (red arrows in
Fig.7b). It may be attributed to the fact that the insufficient
time of plastic deformation causes a reduction in the flow
stress locally with further straining, and consequently slip
becomes localized. As is well known, high values of # or m
can reduce the tendency for flow localization. Fig.8 shows
the iso-efficiency contours of m map. It can be seen from

+m<0 (6)

Fig.6 and Fig.8 that the values of # and m are lower than 0.1
and 0.06, respectively, which indicate most of the plastic
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Fig.6 Processing map of BFel0-1-2 cupronickel alloy at strain
of 0.8
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Fig.7 Macro appearance (a) and microstructure (b) of BFel0-1-2
cupronickel alloy at the temperature of 1073 K and strain
rate of 10 s™
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Fig.8 Contour map of m at the strain of 0.8
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power is converted to heat and dissipated in the form of
temperature rise. Therefore, the material has a poor
workability under this deformation condition.

Microstructures of BFel0-1-2 cupronickel alloy at the
1123 K, 0.01 s™ and 1223 K, 0.01 s™ are given in Fig.9 and
Fig.10, respectively, corresponding to the instability
domain of position Il and I11 in Fig.6. From Fig.9, it can be
seen that flow localization (red arrows) appears in the
specimen after compression at the temperature of 1123 K
and strain rate of 0.01 s. Meanwhile, the efficiency of
power dissipation 7 is lower than 0.11 (shown in Fig.6), and
strain rate sensitivity m is lower than 0.09 (shown in Fig.8).
Hence, this region should be avoided during high
temperature deformation.

From Fig.10, it can be observed that flow localization
(red arrow) and the exceptional grain growth (blue arrows)
appear in this instability domain at a deformation
temperature of 1223 K and strain rate of 0.01 s™*. Similar
exceptional grain growth was reported by Luo 2 in
Ti-6Al-4V alloy at the deformation temperature of 1183 K
and strain rate of 0.1 s, indicating the sound high
temperature deformation should not be performed in this
domain. Meanwhile, only deformed flat grains can be
observed at Fig.9b and Fig.10b, but no equiaxed DRX
grains can be detected. Furthermore, the peak efficiency of
power dissipation locates in the deformation temperature
range of 1226 to 1273 K and strain rate range of 0.004 s™ to
0.001 s, which is correspondent to an optimal deformation
condition for BFe10-1-2 cupronickel alloy.

Fig.9 Microstructures of BFel0-1-2 cupronickel alloy at
temperature of 1123 K and strain rate of 0.01 s™*: (a) low
magnification and (b) high magnification

50 pm

Fig.10  Microstructures of BFel0-1-2 cupronickel alloy at
temperature of 1223 K and strain rate of 0.01 s

(a) low magnification and (b) high magnification

3 Conclusions

1) The flow stress of BFel0-1-2 cupronickel alloy is
significantly affected by deformation temperature and strain
rate, namely, the flow stress decreases with the increase of
the deformation temperature and the decrease of the strain
rate. Meanwhile, the flow stress curves exhibit the typical
DRV characteristics.

2) The apparent activation energy Q of BFel0-1-2
cupronickel alloy is calculated to be 425.299 kJ/mol, and a
constitutive equation by which the flow stress is
represented as a function of Zener-Holloman parameter and
strain has been developed. The result reflects the good
prediction capabilities of the developed constitutive
equation for BFe10-1-2 cupronickel alloy.

3) The processing map reveals that BFelO-1-2
cupronickel alloy exhibits three instability domains: (1) the
temperature range from 1023 K to 1116 K and the strain
rate range from 0.61 s™to 10 s™*; (1) the temperatures range
from 1095 K to 1175 K and the strain rate range from 0.001
to 0.033 s™; (1) the temperature range from 1190 K to
1273 K and the strain rate range from 0.004 s™to 0.257 s™.
Microstructural examination shows that these regions
should be avoided during hot deformation. Moreover,
optimum hot working domain of the alloy is the
deformation temperature range of 1226~1273 K and strain
rate range of 0.004~0.001 s™.
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