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Abstract

Stellite 6B superalloy is widely used in the harsh industrial environment, because of excellent
wear characteristics, hot hardness, good corrosion resistance, and superior mechanical
properties. Hot compression tests were performed on Stellite 6B alloy to study high
temperature dynamic recrystallization behavior during thermal deformation. The tests were
performed in the temperature 1000 °C, 1050 °C, 1100 °C, 1150 °C and 1200 °C and at the
strain rates of 0.01 s, 0.1 s™!, 1 s "' and 10 s™!. Stress-strain curves, constitutive relationship,
and the DRX model of the Stellite 6B alloy were investigated. The results showed that the
dynamic recrystallization was easily beginning, the dynamic recovery process is inhibited,

and the softening effect by dynamic recrystallization is more significant.

Keywords: Stellite 6B alloy; Dynamic recrystallization; Kinetics model; Microstructure;

Thermal deformation.



Introduction

Stellite 6B is a typical carbide-hardened Co-based wear-resistant superalloy, and it has been
widely used in rock crushing rollers, cement and steel equipment, transmission devices, and
other industrial fields, especially in sleeves that cannot be fully lubricated [1], because of their
inherent high-strength, corrosion resistance and ability to retain hardness at elevated
temperatures [2, 3]. The typical microstructure of such alloys consists of hard carbides
dispersed in a cobalt-rich solid solution matrix. The Co-based alloy has a relatively low
stacking fault energy, which is easily transformed from metastable FCC structure to a stable
HCP structure during the process of processing or service [1]. The presence and distribution
of hard phases have already been identified as the main factor responsible for the enhanced

high temperature resistance (up to 600 °C) to sliding wear [1, 4-8].

Comparing to much harder cast Co-based alloy, the wrought structure has excellent abrasion
wear resistance. Dynamic recrystallization (DRX) is considered as one of the most important
microstructural evolution mechanisms, which is beneficial to obtain fine metallurgical
structures, eliminate defects and improve mechanical properties of products [9-14]. A.
Gholipour [15] investigated the influence of microstructure on the wear properties of Stellite 6.
The effect of molybdenum on the microstructure and the tribological properties of the Stellite
alloys were also investigated [2, 16-18]. However, there are still only a few reports in the
literature so far concerning the dynamic recrystallization behavior and microstructure
evolution of Stellite 6B alloy during thermal deformation. In this paper, hot compression tests
were performed on Stellite 6B alloy to study high temperature dynamic recrystallization
behavior. The thermal deformation constitutive relationship model, and the dynamic

recrystallization kinetics equation of the alloy was established.

Experimental procedures

The chemical compositions (wt.%) of Stellite 6B used in this investigation are as follows: C
1.2; Cr 30; Mo 1.2; W 4.5; Ni 2.0; Si 1.0; Mn 1.0; Fe<3.0; Co balance. Several 12.5mm thick
sheets was cut from an as-received wrought bar (40 mm in diameter) in the direction of cross
section. Cylindrical specimens, with a diameter of 8§ mm and a height of 12 mm, were
machined from the center part to ensure the uniformity of microstructure for all the specimens.

The specimens were then solution treated at 1220 °C for 30 min before compression tests.

The isothermal compression tests were performed on the thermomechanical simulator
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Gleeble-3800 at the temperatures ranging from 1000 °C to 1200 °C at the intervals of 50 °C

and at the strain rates 0o 0.01 s/, 0.1s ), 1s 'and 10s™".

Results and discussion

True stress-true stain curves

Fig. 1 shows the true stress-true strain curves of Stellite 6B alloy obtained under different
temperatures and strain rates. The flow stress curves exhibit the similar features, i.e. a single
peak near the critical strain followed by a strain softening stage and then sometimes a steady
stage at high strain zone. The characteristics of the flow stress curves are the typical ones
observed in low stacking-fault energy alloy, which implies the happening of DRX
phenomenon during thermal deformation[9]. In the initial stage of the forming process, the
flow stress abruptly increases due to the dominance of work hardening, because of that the
softening effect caused by dynamic recovery is not sufficient to offset the work hardening.
When deformation exceeds the peak strain, the flow stress decreases with increasing stain as
softening caused by DRX overtakes hardening caused by work hardening. Then the flow
stress shows steady state region due to the equilibrium of dynamic softening and work

hardening.

The flow stresses are dependent on the deformation variables, such as temperature, strain rate
and strain. As temperature decreases at the constant strain rate, the overall level of the flow
curve enhances correspondingly due to the decreasing in the dislocation slip and the diffusion
ability of grain boundaries for the annihilation of dislocations. Meanwhile, the flow stress
increases with the increasing strain rate at the constant deformation temperature. This is
mainly due to the fact that the lower strain rate provides the longer time for dislocation

annihilation and then reduces the flow stress.
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Fig.1. Flow stress curves of Stellite 6B alloy at different temperatures and strain rates of
(a) 0.01s%, (b) 0.1 s, (c) 1 s, (d) 10 s\,

Peak stress is an important indicator in the process of thermal processing, which determines
the setting of the power parameters and the microstructure evolution. The peak stress of
Stellite 6B alloy in different deformation temperature and strain rate is shown in fig. 2, and it
can be observed that the peak stress decreases with the decreasing strain rates and the
increasing temperature, which is a conventional behavior and consistent with other reports for
superalloys [19-21]. It is worth mentioning that the peak strain (the one associated to the peak
stress), which is usually associated to the onset of DRX, is also decreases with decreasing

strain rates and the increasing temperature.
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Fig. 2. Schematic of the dependence of peak stress o, on strain rates and temperatures.

Constitutive relationship

Several researchers in the past have developed different constitutive models for modeling the
flow behavior. Sellers model, which is used in this paper, is a phenomenological model that

has been extensively used for determining the constitutive relationship in superalloys. The

Zener-Hollomon parameter is defined as:
Z = &exp [Q/(RT)] (D

where, & is the strain rate, Q is the effective activation energy for deformation, R is the gas

constant and 7 is the temperature.

Sellars and Whiteman pointed out that the stress can be considered to be dependent on the

temperature and strain rate and modeled using creep equation for high and low stress level
[22]:

Z = A[sinh (ao)]™ (2)

where a=p/n, n, B, A are the undetermined parameters; 4 is a structure factor, s'; a is stress

multiplier, MPa’!; n is stress exponent.

McQueen et al.[23] have pointed out that for metal with DRX, ¢ can be referred to the peak
stress ag,. The approximate value of n can be taken as the slope of the plot of /né versus Ing, at
the low stress level. The value of 4 and f can be determined according to the Iné versus g,
plot at the high stress level. The first term represents the slope of the In (sin h (a0,)) versus
1/T plot and the second term represents the reciprocal value of inclination of the /n (sin h
(a0p)) versus [né plot. The approximate value of n is 7.4313 according to Fig. 3(a), and that
of f is 0.02604 according to Fig. 3(b). So, the suitable value of a is 0.003504. According to
Fig. 3(c) and (d), the value of O equals 479.997 kJ/mol. Then, the value of 4 can be calculated



as 1.87x 10'"s! and the corresponding Z parameter and the constitutive relationship can be

obtained:
Z = £exp(479997/(RT)) (3)
& — 14[oq 7.4313
&= 1.87 x 10**[sinh(0.0035040)] exp(— 479997 /(RT)) (4)
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Fig. 3. Schematic of the dependence of the peak stress on temperature and strain rate: (a) Schematic
of Ino, versus Ing, (b) Schematic of o, versus /ng&, (c) schematic of In(sin h (aop)) versus Iné&, (d)

schematic of In(sin h (acp)) versus 1I/T.
Processing map

The processing map can be a suitable approach to establish a relation between the material
constitutive behavior and its microstructure evolution, flow instability and hot workability [24,

25]. Fig. 4 shows the processing map of the test alloy Stellite 6B at the strain of 0.3 and 0.5.

The shaded areas in the processing map indicate that when the strain rate exceeds 1s’!, the
flow instability will occur at low or high testing temperatures. The deformation of the material
in the regime was reported to be inhomogeneous and adiabatic shear bands were produced in
the microstructure [24]. When the specimen was deformed at high strain rates (>1s!), the heat
generated by deformation is not conducted away since the thermal conductivity is low and the

time available is too short. So, the temperature rises and leads to a decrease of the strength,



and further deformation is preferred in the hot softening area thereby causing localization.
The maps obtained at strains of 0.5 are essentially similar to that obtained at a strain of 0.3,

which indicates that strain does not have a significant influence [26].

It can be evidently observed that the efficiency of power dissipation n-value declined rapidly
is situated in the low temperature high strain rate region and high temperature low strain rate
region. Apparently, it is related to the incompatible deformation at the low temperature high

strain rate and the coarse grain at the high temperature low strain rate [19, 26, 27].

- U 0.21
0417 |
054 ~
-0

1.0

/
0.5 44

004"
025

0.21
0.5 ; : 021

0.25

-1.0 4 029
——0.34 -

Log (Strain rate) (s”)
Log (Strain rate) (s7)
o
>

154 : . 0.21 1.5 & 026

042 017 0.44 021
0.47 0.48 \ y 017
-20 3 T k4 T \ T T T T T T -20 T T T T T T T T T
1000 1020 1040 1060 1080 1100 1120 1140 1160 1180 1200 1000 1020 1040 1060 1080 1100 1120 1140 1160 1180 1200

Temperature (°C) Temperature ("C)

(a) (b)
Fig. 4. Processing map for Stellite 6B at strain of (a) 0.3 (b) 0.5
Critical strain of DRX

Critical strain &, which represents the initiating dynamic recrystallization, is one of the
important parameters of the dynamic recrystallization. DRX is initiated at the critical strain &.
and critical stress o, after which it leads to more and more softening. The accurate description
of the influence of deformation conditions on critical strain is the key to the DRX kinetics
model. It is difficult to determine the critical strain of the alloy dynamic recrystallization
through the metallographic organization, which requires a large analysis of the

microstructural evolution during the dynamic recrystallization.

According to Poliak and Jonas[9], DRX leads to the appearance of a point of inflection in the
strain hardening rate 0 (0=do/dc) vs o curve, at which d’6/d’c=0 or d°6/d’c showed a sharp
decline. The turning point of [nf-¢ curve also can be observed, for the relation
d(In6)/de=-d6/do can be derived by using partial derivatives. For Stellite 6B alloy with low
stacking-fault energy, it is not easy for the dislocation to slip at the initial stage of deformation,
and the work hardening rate increases rapidly until dynamic recrystallization begins. The

relative change from the critical stress to the peak stress is small, while the relative change



from the critical strain to the peak strain is large. Therefore, it is more accurate to confirm the
critical stain by determining the position of the inflection point of /nf-¢ curve. Based on the
above theoretical derivation, the critical strain value & can be obtained by using the

relationship between /nf and .
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Fig.5. Schematic of the relationship between strain hardening rate and strain at the temperature of

1150°C and the strain rate of 1 s™! for Stellite 6B (a) & vs. ¢ (b) In0 vs. ¢ (¢) d(In8)/de vs. &

Taking the stress-strain curve at the temperature of 1150 °C and the strain rate of 1 s™! as an
example, the relationship between ¢ and &, which is obtained by seventh-order polynomial
fitting, the relationship between /nf and ¢ and the relationship between d(In6)/de and ¢ are
shown in Fig. 5(a)—(c), respectively. The inflection point appears near the true strain 0.09 on
the /nf-¢ curve, as showed in Fig. 5 (b). In order to determine the specific position of the
inflection point, d(Inf)/de-¢ curve are plotted by taking the derivative of the /nf-¢ curve after
polynomial fitting, as shown in Fig. 5 (c), and it can be found that d(/nf)/de increases to a
peak value, that corresponding to the critical strain ¢ =0.093. The above methods can be used
to determine the critical strain under each deformation condition, as shown in Table 1. It can
be seen that the critical strain increases with increasing of strain rate and decreasing of
deformation temperature, and under all deformation conditions, dynamic recrystallization

begins when the true strain is less than 0.16. Because of the low stacking-fault energy of



Co-rich matrix, the energy can be accumulated quickly to reach the condition of
recrystallization nucleation. In addition, it is conducive to the formation of recrystallize core
that the dislocations piled up on the interface of the hard-deformable carbides with a volume

fraction of more than 20%.

Table 1 The values of the ¢ under each strain rates and temperatures.

Temperature
Strain rate
1000°C 1050°C 1100°C 1150°C 1200°C
0.01s! 0.09 0.05 0.06 0.05 0.06
0.1s! 0.09 0.09 0.08 0.06 0.06
Is! 0.13 0.14 0.10 0.09 0.08
10s! 0.15 0.16 0.14 0.12 0.11

The relationship of /ne. and /nZ is approximate linear and linear regression equation obtained

according to Fig. 6 is as follows:
Ine, = 0.10001inZ — 6.51796 (5)

Therefore, the relationship between the critical strain &. and Z parameters can be expressed as

follows:

g. = 0.00147770:10001 (6
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Fig. 6. Schematic of the dependence of ¢. on Z parameter

Kinetics model of DRX

Due to the great impact of DRX on hot working flow stress and its effect on the

microstructure and properties of the materials after processing, the prediction of DRX kinetics



is of considerable importance in the modeling of industrial hot working processes. According
to the classic theory, the development process of DRX is similar to that of phase transition.
The velocity of DRX begins from zero and slowly increases, and after a latent period the
velocity of DRX starts to rapidly increase, and after it reaches the maximum the velocity of

DRX gradually decreases, in the end the velocity of DRX is close to zero.

Generally, JMAK model is used to describe the DRX kinetics dynamic recrystallization of
alloys, that is, the DRX volume fraction is expressed as a function of deformation time as
follows:

Xprx = 1 — exp [— 0.693(L)k] (7)

to.5

where Xprx is the dynamically recrystallized volume fraction, 795 is the time for 50% DRX, ¢
is the time for Xprx to occur. In this model, the using of the constant 0.693 is crucial and very
skillful, which make all the parameters have obvious physical meanings. But a lot of works
needs to do to calculate the recrystallization fraction of the alloy after rapid cooling under

different deformation conditions at multiple time intervals.

Kim and co-workers[10, 13], developed the following DRX kinetics model in the form of
modified Avrami equation based on the thermomechanical simulation tests, the equation is as

follows:

to = 1o [- (]

E*

_ )
m= 1.12(%) o a

where ¢" is the strain for maximum softening rate, i.e. the minimum value of f-¢ curve.

It can be seen from Fig. 7 that the work hardening rates of the alloy under all conditions
decrease rapidly to the minimum value, which ate corresponding to the maximum softening
rate strains, and then increase faster than usual superalloys. As shown in Table 2, the
maximum softening rate strain & increases with increasing strain rate and decreasing
temperature, that is, higher temperature and lower rolling speed are beneficial to the

deformation of the alloy.
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Table 2 The values of the £ under each strain rates and temperatures.
Temperature
Strain rate
1000°C 1050°C 1100°C 1150°C 1200°C
0.01s7! 0.27 0.2 0.24 0.156 0.17
0.1s-1 0.38 0.29 0.28 0.17 0.143
Is! 0.42 0.38 0.35 0.25 0.23
10s! 0.52 0.53 0.43 0.4 0.24

The relationship of Ine* and InZ is approximate linear and linear regression equation obtained

according to Fig. 8 is as follows:
Ine* = 0.10834InZ — 5.71234 9)

Therefore, the relationship between the maximum softening rate strain € and Z parameters

can be expressed as follows:
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" = 0.00330520.10834 (10)

Finally, the as-obtained DRX kinetic model is described as:
( em
ton=1=en| (2
-0.08
{0 m=112(2) .
€, = 0.00147720-10001
L & =0.003305201083¢

Ine’

Fig. 8 Schematic of the dependence of &* on Z parameter

Conclusions

Hot compression test in the temperature range of 1000-1200 °C, and strain rate range of
0.001-10 s! of Stellite 6B Co-based alloy has been conducted. The following conclusions can

be drawn from of the results of this investigation:
(1) The constitutive relationship of the wrought Stellite 6B alloy could be expressed as:
& =1.87 x 10™"[sinh(0.0035040)]”*33exp(— 479997 /(RT))

(2) The following DRX kinetic model can be used to express dynamic recrystallization
behavior of the investigated alloy:

( £— &M

XDRX=1—exp[—( C)]

S*
—0.08

< -1 —)
m 112<A

g, = 0.0014777010001
\ & =0.0033052010834
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