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Abstract. The hot deformation behaviors and the effect of flow stress on the microstructure were
investigated for the as-HIPed and as-extruded materials in a new PM nickel-base superalloy. Under
most test conditions, the as-extruded material exhibits superplastic flow because of grain growth
corresponding to work hardening during deformation process, activation energy for deformation of
which is 211 kJ/mol. However, activation energy of deformation for the as-HIPed material is
717 kJ/mol, because grain size is refined due to dynamic recrystallization, the reason being
considered to be associated with the initial microstructure before the deformation. Based on the
results of compression tests, two constitutive equations for the two materials were established using
the mathematical regression; these will provide the valuable helps for predicting and controlling the
deformed microstructure as well as optimizing hot-working process.

Introduction

Powder metallurgy (PM) nickel base superalloy are reaching more attentions for use as turbine discs
in gas turbine engines. At the present, the rim temperatures is in excess of 704°C, and so the higher
requirements are put forward for new turbine disc alloys [1-3]. In recent years, new generation
nickel-base superalloys, such as Ren¢104 (also called ME3) [4], LSHR (Low Solvus, High
Refractory alloy) [5], Alloy 10 [6] and N19 (SMO43) [7] are developed; these new alloys are
optimized for numerous mechanical and physical properties at the higher temperatures, and also to
produce dual microstructure discs (a fine-grain core and a coarse-grain rim), which should have a
high potential for optimum performance.

It is more attractive that the microstructure of superalloys is precisely controlled during hot
deformation process. There is more interest in the development of techniques, such as predicting
microstructure in forgings and numerical simulation of forging process, in order to obtain the
excellent mechanical properties of forging components. A number of investigations on hot
deformation behavior of nickel base superalloys have been reported in the literature [8-10]. In the
present work, the hot deformation characteristics for the as-HIPed and as-extruded materials in a
new alloy were investigated using hot compression tests, and the microstructure change and flow
behaviors of mentioned materials during deformation were analyzed. The tests of strain rates and
temperatures are comparable with the isothermal forging practice for this alloy.

Experimental procedure

Chemical composition (wt. %) of the new alloy in this investigation is 20Co, 13Cr, 3.6Al, 3.5Ti,
4.3W, 2.9Mo, 1.5Nb, 1.5Ta, 0.03B, 0.03C, 0.05Zr, 0.35Hf, and bal. Ni. The powder was produced
by argon gas atomization, then sieved to - 250 mesh, canned, HIPed at subsolvus temperature, and
extruded to billet at 1100°C.
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Cylindrical specimens for compression tests having a diameter of 10 mm and length of 15 mm
were machined from the as-HIPed and as-extruded materials. In this study, compression tests were
carried out on a Gleeble-3500 machine in vacuum at 1050°C, 1075°C and 1100°C using strain rates
0f 0.0003 s, 0.003 s, and 0.03 s™".

Optical microscopy (OM) and transmission electron microscopy (TEM) analyses were
conducted to observe the microstructure.

Results and discussions
Microstructure preparing for compression tests

The microstructures of both as-HIPed and as-extruded materials are shown in Fig. 1. It can be seen
from Fig. 1a that recrystallization was only partially completed and fine grained microduplex
structures was formed, consisting of a few undeformed powder particles which have retained as-cast
dendritic structure (note the arrow in Fig. 1a). To compare with the as-HIPed materials, a uniform
fine-grained (~5 um) structure was obtained after extrusion (Fig. 1b). Residual dendritic structures
are almost not observed. Primary y' phases distribute at grain boundaries as a bright particles, while
carbide particles are dark.

Compression test stress-strain curves

The true stress (o)-strain (&) curves for two test materials are shown in the Fig.2. For the as-HIPed
material, all the curves indicate the typical characteristic of dynamic recrystallization, except under
the slowest strain rate condition (0.0003 s') at 1100°C. The flow stress rapidly reaches its
maximum value (peak flow stress, op) in the early stages of deformation, and then decreases with
increasing strain, subsequently, turns into the steady state flow stages with the further increasing of
strain, which is more evident for the lower temperatures and higher strain rates. However, the flow
stress for as-extruded material appears independent of strain after it reaches o, with increasing
strain at all test conditions, except at the highest strain rate (0.03 s™') at 1050°C, which suggests that
it would reach the balance between the work hardening and softening due to dynamic
recrystallization.

Fig. 3 shows the relationship between o, and both deformation temperature and strain rate for
the two tested materials. For both materials, under the constant strain rate, o, decreases with
increasing temperature, and under a given deformation temperature, o, increases with increasing
strain rate, which suggests that flow stress of both materials show a positive strain rate sensitivity.
At the high
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Fig.2 Flow stress curves for two test materials at different temperature and strain rate
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Fig. 3 Relationship peak flow stress vs deformation temperature (°C) and strain rate

strain rates, dislocation density increases rapidly, shortening the dynamic recrystallization or
dynamic recovery process, increasing the amount of elasticity deformation, and therefore, resulting
in the increase of the critical shear stress of deformation.

It was also found that, under same deformation conditions, the as-extruded material has a smaller
flow stress value than the as-HIPed material, which is considered to be associated with the initial

microstructure before compression tests; so the as-extruded material is obviously favorable for hot
deformation.

Superplastic deformation characteristic

Strain rate sensitivity (m) can be determined by fitting the linear equation (1) at constant

temperature. A material is considered superplastic during plastic deformation when m is higher than
0.3.

log(o) =log K + mlog(de/dt) (1)

The resulting plot and equations for both materials are shown in Fig. 4 (flow stress at a true
strain of 0.5 was employed for regression analyses).
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Fig. 4 log (flow stress) vs. log (strain rate) plots with superplasticity (m) determinations

The strain rate sensitivity m was defined by the slope of each line. The sensitivity for the
as-extruded material is above 0.4 at all test conditions. As for the as-HIPed material, however, the
values of m are lower than 0.3 except at 1050°C. Moreover, under same deformation conditions, the
as-extruded material has the higher m value than that of as-HIPed material. Therefore the
as-extruded material exhibited superplastic flow for the evaluated conditions.

Analysis of the constitutive model

For the range of deformation conditions employed in this study, flow stress as a function of both
deformation temperature and strain rate is analyzed using a hyperbolic sine Arrhenius-type equation
[11,12], which is expressed as follows:

¢ = A[sinh(ao)]" -exp|- O/ RT] )

with A4, a structure factor, o, a stress level parameter, n, a stress index (materials constants), ¢, the

strain rate, O, the activation energy, 7, the deformation temperature, o, the flow stress, R, the
universal gas constant (8.314J/mol.K). The equation (2) can be rearranged to the following form:

10

Insinh(ao) = —+In A+ Ingtr -2 3)
n n n RT

After the 0,—¢ and o;, —T relationships for the two materials have been obtained, the optimum

value of n and the mean value of the activation energy can be determined including the constants,
which is summarized in Table 1.

Table 1 Model parameter for the two materials

o [MPa™'] Als] n Q [kJ/mol ]
as-HIPed 0.00782 1.4667x10% 2.1804 717.43
as-extruded 0.02365 3.7024x10° 1.9010 210.98

The effect of deformation temperature and strain rate on the flow stress can be expressed by the

Zener-Hollomon parameter Z, Z =cexp(Q/RT) for different strain rates and temperatures. The

relationship between the flow stress and the Z parameter is shown in Fig. 5.
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Fig. 5 Relationship between flow stress and the Z parameter

The n value was defined by the slope of the regression line. The linear regression equations
indicated that the flow stress increased with increasing Z parameter with a correlation coefficient
R*=0.98 and 0.95, RMS error = 0.3786 and 0.4688 for the as-HIPed and as-extruded material,
respectively, which suggests that InZ - In[sinh(ac)] has the ideal linear relationship. The
experimental flow stress can be represented by a Zener-Hollomon parameter in the hyperbolic
Arrhenius-type equation.

Thus the constitutive models for both tested materials can be expressed respectively as equation
(4) and (5):

as-HIPed  : &=1.4667x10%[sinh(c)]*"** -exp[—717.43/ RT | (4)

as-extruded : & = 3.7024x10°[sinh(g6)]" " -exp[-210.98/ RT | (5)

Effect of deformation parameter on the microstructure

Microstructures for both as-HIPed and as-extruded materials deformed at the different temperatures
and strain rates were observed for comparison. The micrographs reveal that the deformed
microstructure is affected by the deformation conditions, and the recrystallized regions and the
grain size increase with increasing deformation temperature and decreasing strain rate. The as-cast
dendritic structure left in the as-HIPed material (Fig. 1a) is still observed at most test conditions,
and it is entirely eliminated at 1100°C (the highest deformation temperature) and 0.03 s™(the fastest
strain rate). The change of deformed grain size with the deformation temperature and the strain rate
for the as-extruded material is similar to that of the as-HIPed material. It was also noted that, under
the same deformation condition, the average grain size for the as-extruded material is always
slightly smaller than that of the as-HIPed material, which is considered to be associated with the
initial grain size of the materials.

It can be also obtained that although the difference in the deformed microstructure for both
materials are not obvious, especially at the highest temperature (1100°C), the difference in flow
stress at a given strain rate can be quite significant. This phenomenon indicates that there is a strong
dynamic flow during deformation process, the as-extruded material exhibits the more lower flow
stress due to the contribution of grain boundary sliding mechanisms. The sufficient fine grain size
confers superplastic characteristics on the as-extruded material. The sufficient fine grain size
confers superplastic characteristics to the as-extruded material.
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Extrusion was widely used to obtain the excellent microstructure of pre-forgings. The full
recrystallized fine-grained structure can be obtained after extrusion, which enhances the
deformation properties of materials. The main deformation model for the new alloy is the
dislocation movement during extrusion process, associated with the formation of abundant twins,
both of which are influenced and coordinated by each other. Ultimately, the equiaxed, uniform
fine-grain structure was formed as a result of dynamic recrystallization.

Conclusions

This paper shows that the microstructure of as-HIPed and as-extruded materials can be changed
substantially during hot deformation, and is influenced by the applied strain rate and temperature.
The grain size for the two materials decreased with increasing strain rate and decreasing
deformation temperature. Under most test conditions, grain growth occurs during deformation for
the as-extruded material corresponding to the work hardening, exhibiting superplastic flow, the
activation energy of which is 211 kJ/mol. However, grain size is refined for the as-HIPed material
due to dynamic recrystallization, the activation energy of which is 717 kJ/mol. Based on the
experimental results and analysis, two equations for both materials are established to describe the
relationship between flow stress, deformation temperature and strain rate.
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