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Abstract

The hot deformation behaviour of Ni55Cr45 alloy was investigated by isothermal compression test on the
GLEEBLE 3800 thermo-mechanical simulator in the wide range of temperatures (750 - 1150 °C ) and strain
rates (1 - 100 s™'). The experimental stress-strain data were employed to develop the constitutive equation and
activation energy of the investigated Ni-Cr alloy. The correlation between the flow stress, temperature and
strain rate at high temperatures was expressed by an Arrhenius type equation. The effects of temperature and
strain rate on deformation behaviour were represented by Zener-Hollomon parameter in an exponent-type
equation. Activation energy was calculated using a sine-hyperbolic type equation. The processing maps based
on the Murty’s approach were developed. The processing window and the flow instability areas were
determined. Furthermore the experimental rolling test was conducted according to delineated processing
parameters. The results of numerical simulation and experimental rolling test showed good agreement with
the optimum hot deformation condition.
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1. INTRODUCTION

The Dynamic Material Modelling (DMM) is based upon irreversible thermodynamics, and also upon continuum
mechanics [1, 2]. Processing maps are an effective tool for optimizing materials workability. The processing
maps show, in the process space contained in the function of temperature and log(strain rate), process
conditions for the stable and unstable deformation, which means that they present “safe” and “unsafe” hot
working conditions. The analysis of material flow during hot deformation made it possible to identify the most
advantageous parameters in the processing windows [3 - 5]. Many scientists have been developing the
processing maps in order to control and optimize the parameters of hot working processing for various kinds
of metals and alloys [4 - 9]. The aim of present investigation was modeling the hot deformation behaviour of
Ni55Cr45 alloy using constitutive equations and the processing map according Murty’s approach. The most
advantageous parameters of the metal forming process determined by processing windows were applied for
the simulation and verification of the rolling process conducted on the Ni55Cr45 alloy. The conditions
established during numerical modelling were also applied to the industrial rolling tests.

2, EXPERIMENTAL PROCEDURE

The material used in this investigation was the Ni55Cr45 alloy. The chemical composition (wt%) of the alloy in
this study is as follows: 44.00 Cr, 1.00 Fe, 0.05 Mn, 0.003 Mo, 0.01 N, 0.115 Si and Ni balance. The cylindrical
compression samples of 12 mm height and 10 mm diameter were prepared from the as-received cast bar. The
isothermal compression tests were carried out using a Gleeble 3800 thermo-simulator with deformation
temperature of 750 - 1150 °C and the strain rate of 1 - 100 s™'. Based on the determined process parameters
rolling technology was developed in the oval - oval - hexagonal system on a rolling mill with a cylinder diameter
of 600 mm. It was assumed that the elongation factor (A) in successive culverts would be about 1.1. In the first
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instance segments with patterns were designed and then numerical calculations were made in the MES-based
commercial program QForm. The most advantageous parameters of the rolling process determined by
processing windows were applied for the simulation and verification of the rolling process in industrial
conditions. For this purpose the forge roling EUMUCO ECB 109 was used. The mill was installed at the
workshop hall of tools factory ,Kuznia” S.A in Sutkowice. The rolling process was conducted in a machine
group consisting of an electrical resistance furnace and also of a forge rolls. The following boundary conditions
were assumed: workpiece temperature (1150 °C), tool temperature (20 °C), the time of workpiece
transportation to the forge rolls (2 s), the time of workpiece cooling in a die cavity before rolling (1 s). The
workpiece dimensions were 36 mm x 160 mm. The samples for metallographic tests were cut from obtained
forgings after the forge rolling process.

3. RESULTS AND DISCUSSION

3.1. Constitutive equation

The constitutive equation for the describing of the deformation behaviour at elevated temperatures is generally
expressed as follows [1, 2]:

é= Aif (0)exp(—2) (1)

where: € - strain rate, Q - the deformation activation energy (kJ-mol'), R - the universal gas constant (8.314
J-mol.K™"), T - deformation temperature (K), A; - material constant, and f(g) - the function of flow stress. The
Zener-Hollomon parameter (so-called temperature-compensated strain rate) is calculated with the use of an
exponent-type equation:

Z=¢exp (%) = Aif(0) (2)

A relationship between the Zener-Hollomon parameter and flow stress [10 - 12] can be defined by the following
constitutive equations:

Z=A;-0™ =1.006-10"21- 2176152 a5 < 0.8 (3)
Z=A,-exp(f-0)=115-10% - exp(0.04632-0), ac > 1.2 4)
Z = A; - [sinh(a - 0)]™* = 5.95- 1025 - [sinh(0.002129 - 5)]*>925%8 for all o (5)

where: Ay, Az, As, a, B, n1, n - materials’ constant, and o = o; = 0, - flow stress. Upon the basis of equations,

the average values of the materials constants were determined from the In o, 6, In(sinh(ao)) — In¢ relations
(Figure 1) at constant true strain of 0.8:

dlné

M =gl = 21.76152 o
dinég
B =", =004632 )
dinég
— WL = 15.92568 .
where: a = £ = 0.002129 .

ng
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Figure 1 Relations between strain rate, flow stress, temperatures and parameter Z of Ni55Cr45: a) In o — Iné,
b) 6 — In¢, ¢) In(sinh(ao)) — Ing, d) In(sinh(ao)) — T~1, €) In(sinh(ao)) — InZ

The peak stress of the studied Ni-Cr alloy maybe expressed as an equation [11, 12]

1 st
aziln (f)é * [(f)f +1r a 0.002129 In (5.95.21025)m + [(—5.95_21025)m + 1]2 (10)
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580122)

where: parameter Z = ¢ - exp( o

(11)

3.2. Activation energy

Activation energy for deformation Q provides valuable information about the fundamental deformation
mechanism associated with microstructural evolution [11, 12]. The empirical value of activation energy Q can
be expressed as:

d In(sinh a-0)
1
2(7)
For the Ni55Cr45 alloy, the hyperbolic sin law was found to be an appropriate relation, which resulted in the
value of 580.12 —.

— Dy — K
Q=R-n = 580.12 — (12)

£

3.3. Processing maps

According to Murty’s approach [6 - 9], the expression of power dissipation efficiency 7 is provided by:

n=—t=2(1-=[ ods) (13)

]max

The instability parameter based upon Murty’s criterion could be expressed as:
£ = sz ~1<0 (14)

The variation of the instability parameter with temperature and strain rate created the instability map, which
can be superimposed on the power dissipation map to obtain the processing map [1].
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Figure 2 The processing maps of Ni55cr45 alloy at different true strain of: a) 0.2, b) 0.4, ¢) 0.6, d) 0.8.
The shaded areas indicate the flow instability. Contour numbers represent percent efficiency
of power dissipation.

The efficiency of power dissipation n and the instability parameter & is calculated for ¢ = 0.2,0.4,0.6,0.8 at
different values of strain rate ¢ and temperature T. Figure 2 present the complex processing maps. For true
strain of 0.8 (Figure 2d) in the processing map, three processing windows were differentiated and the two
areas of instability. The preferred processing windows include significant parameters of the process.
Processing window 1 is characterized by the following parameters: n =20 - 32%, T = 910 - 1030 °C, €= 1 -
1.6 s™'. The next processing window presents the following parameters: n = 20 - 46%, T = 1070 - 1150 °C, € =
1 -2 5. That window offers the high level of process efficiency. Processing window 3 includes parameters: n
=20 -34%, T =1080 - 1150 °C, £ = 45 - 100 s'. The area of instability of material flow | is situated at the
temperature of 750 - 800 °C for strain rate 1.8 - 25 s™'. Area instability Il includes an extensive surface of non-
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asymmetrical shape and the following parameters: T = 860 - 1150 °C, €= 1.6 - 100 s™'. The maps presented
in Figures 2a, b, ¢ for true strain of 0.6, 0.4 and 0.2 differ one from another in terms of the size of the ,safe”
and ,unsafe“ areas. Processing windows: 1, 2 for ¢ = 0.6 undergo the substantial differentiation of the
significant parameters of the process, which means: n1 = 20 - 30%, T1 =900 - 1010 °C, € 1=1-1.3s", 2= 20
- 34%, T2 =1070 - 1150 °C, ¢ 2 = 1 - 3.1 s". The processing window 3 was eliminated as a result of increase
in the instability area. In the case of true strain of 0.4, on the processing maps was differentiated only one
processing window, having the following parameters: n1 = 20 - 30%, 11 = 1025 - 1150 °C, € 1= 1 -2 s'. On the
processing map for intermediary true strain of 0.2, we distinguish one processing window. The window
underwent decrease and having the following parameters: n1 = 18 - 30%, T1 = 1125 - 1150 °C, ¢ 1= 1 -4 s,
On the processing map for the true strain of 0.6, 0.4 and 0.2 (Figures 2a, b and c¢), there remain one area of
instability formed from the combination of the two occurring in the case of the true strain of 0.8. The instability
areas ought to be avoided whilst conducting the metal forming processes.

3.4. Validation of processing maps

In Figure 3, the results of numerical simulation and also of rolling in industrial condition were presented.

a)

Figure 3 The results of forged bars in the oval - oval - hexagonal system: a) the numerical sumulation,
b) the industrial forge rolling process (The workpiece after the initial heat treatment.)

Measurements of the hexagonal bars revealed that their geometrical dimensions remained consistent with the
results of the computer simulation and that the maximum deviation from the assumed linear dimensions was
in the range 2.7 + 6.1%. The Figure 4 shows the microstructure of the forgings material (hexagonal rod)
immediately after the deformation process.

The large dispersions likely to be carbonitrides or dispersions from the technological process were observed
in the microstructure. The alloy matrix was y (Nis-yCry).
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edge of cross section middle of cross section

Figure 4 Microstructure of the Ni55Cr45 alloy (hexagonal bar) after the forge rolling process [13]

4. CONCLUSION

The hot deformation behaviour of Ni55Cr45 alloy was studied through constitutive analysis considering the
effect of deformation parameters. Isothermal compression test were conducted on Gleeble 3800
thermomechanical simulator to predict the hot deformation behaviour. The relation between stress and Zener-
Hollomon parameter was analyzed via the hyperbolic sine function. Therefore, the value of activation energy
and the materials constants ware determined. The processing maps were constructed by superimposition of
the power dissipation and the instability maps. The appropriate processing parameters for hot deformation
were established. The processing window 2 was successfully applied in the rolling process.
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