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Abstract. Shear angle is an important parameter to study cutting deformation. This paper uses
orthogonal cutting force test to obtain the tangential force and normal force in order to investigate
the average friction coefficient on the rake face in machining super alloy GH4169. With high
temperature Split-Hopkinson pressure bar (SHPB) compression test, the constitutive equation for
GH4169 was established and provided material model for Third Wave Advant Edge software in
order to improve the simulation precision. Comparing simulated and calculated results, it is shown
that the calculated results are bigger than the simulated ones. Finally, by modifying the shear angle
model, we obtain a new model, as well as simulation for its validation. The new shear angle model
proves out more suitable to express the shear angle in the cutting process of super alloy GH4169.

Introduction

As is known to all, the shear angle is the angle between the shear plane and the cutting speed. It
can directly reflect cutting deformation. So it is an important parameter to study cutting mechanism.
The shear angle not only affects the deformation of chip, the stress distribution on the rake face and
the contact length of tool-chip, but also affects the cutting force and the surface quality of work
piece[1, 2].

During the early works, Ernst [3] and Merchant [4] focused on shear angle considering forces in
the shear plane and on the tool-chip interface. With the development of plasticity theory, multiple
slip-line models of orthogonal cutting was established [5, 6, 7]. After that, some researchers
presented thermo-mechanical theories [8]. Furthermore, a great number of finite element software
was appliedto numerical methods [9]. Though there is important development in metal cutting
theory, but a key problem that a comprehensive analytical method to determine shear angle has not
been solved.

Some researchers from Hefei University of Technology designed a quick stop device to measure
the shear angle [10]. But the experimental value is smaller than the calculated value. In addition,
there may be many external factors which lead to errors in the measurement process. Besides, the
superalloy is expensive, it will increase cost to get the shear angle through experiment. Therefore,
finite element analysis become more popular [11, 12]. However, there exists some deviations
between the calculated shear angle and the simulated one. Hence, this paper focuses on establishing
a new shear angle model. We measure the cutting force by experiment and calculate the shear angle.
Meanwhile, the simulation shear angle is obtained by Third Wave AdvantEdge software. Comparing
simulated and calculated results, it is shown that the calculated results are bigger than the simulated
ones. Finally, by modifying the shear angle model, we obtain a new model, as well as simulation for
its validation. The new shear angle model provesout more suitable to express the shear angle in the
cutting process of superalloy GH4169.

Analysis of Shear Angle Model

Many scholars have proposed various hypotheses and models to analysis and studythe cutting
angle in the cutting process. Some quite famous models are Merchant, Lee-Shaffer, Shaw and
Oxley Model of shear angle. But these model are derived under general cutting speed, without
considering the impact of high-speed cutting. According to the principle of power balance [13], the
shear angle relation can be deduced considering high speed cutting.In the cutting process Fig.1, the
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shear force isFg, the cutting layer material go through the shear plane along the shear slip to form
shear angle . Then the momentum change need a forceF,,.The resultant force of friction
forceFrand normal forceFson the rake face isF.t. The resultant force of shear forceFsand normal
forceF ,son the shear plane isF.F randF care balance.

Figure 1. Schematic of shear angle and cutting force

Hence, we firstly assume that the tool does not move, according to the principle of power balance,
relationship is established as follows:

(F, sing+F, cosg)vdt+v2dm/2 =v>dm/2 + Fv.dt + uNv dt (1)

Where, tiny chip mass dm = pA.vdt. pis the workpiece density, A.is the shear layer
area,v, v.and v.denote cutting velocity, chip velocity and shear velocity, respectively.uis the friction
coefficient, yyis the rake angle, N = N, + F,¢is the resultant force on the rake face. On the left of
the equation, the first item is the work thatthe tiny unit goes through the shear plane, the second is
initial kinetic energy of tiny chip mass. On the right of the equation, the first item is kinetic energy
when tiny chip mass flow out, the second is shear work caused by unit deformation, the third is
friction work caused by tool-chip contact.

Then assume that the workpiece does not move, and the relationship is as follows:

N (cos y, + ssin y,)vdt = vZdm/2 + Fv.dt + uNv,dt 2)

Where, on the left of the equation, the first item is the work that cutting tool moves some distance
vdt .Eq.3 can be obtained after simplified:

2
(p_/ G)
=T 4_B 2+ /
Yo

According to the principle of power balance, we derived the relationship among shear angle, rake
angle and friction angle. Apparently, its form is same to Merchant shear angle formula based on the
minimum energy principle at low speed. But Eq.3 is also suitable for high cutting speed. It just can
be used for qualitative analysis. Based on Eq.3, a new shear angle formula will be established.

Experiment

In order to determine the cutting force in the cutting process and get the average friction
coefficient on the rake face, the cutting force test must be carried out. Dynamometer Kistler-9257 is
installed, and reasonable cutting test platform is built. Cutting speedv = 30~95mm/min, depth of
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cuta, = 1.5mm, feed ratef = 0.15mm/r

Finite Element Numerical Analysis
Material Constitutive Model

According to dynamic compression test, the constitutive equation of Superalloy GH4169 was
developed to describe the relationship among stress, strain, strain rate and temperature. The
constitutive equation is as follows [14]:

o = (421+1224£°*)[1+0.0192In(1 + £)][1— (T —293/1300)'*] )

The above constitutive equation is used as the simulation material model, and the finite element
software Third Wave AdvantEdge is used to simulate the cutting process. This model adapts the
updated Lagrangian finite element formulation with continuous meshing and adaptive meshing
techniques. We selected four shear angle simulation results.The effective stresses in the rake face
and the formation of shear angles are observed in the simulation as shown in Fig. 3.

Y=30m/min,¢ = 30.86 v=60m/min, @ = 31.76° v=65m/min, ¢ = 30,90° v=95m/min, @ = 32.37

Figure 3. Measurement of shear angle obtained by numerical simulation

Results and Discussion
Friction Coefficient and Friction Angle

In the cutting process, the friction coefficient on the rake face is always changing. Metal internal
friction is larger than external friction. So this paper focuses on internal friction. Assume that i is
the average friction coefficient on the rake face, according to the law of friction, we obtain:

w_ / B _ arctanp ®)

Fe Fue’
According to the cutting force test, the influence of cutting speed on friction coefficient and
friction angle can be obtained, as shown in Fig.4. It can be seen that the friction coefficient and

friction angle decrease with the increasing cutting.
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Figure 4.Influence of cutting speed on friction factor and friction angle

Establishment of Shear Angle Model

Substituting rake angle and friction angle into Eq.3, and comparing calculated and simulated
shear angle, results are shown in Fig.5.
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Figure 5.Comparison of shear angle values by different methods

We can observe that the calculated values are bigger than simulated ones. Deviation between
calculated and simulated values are listed in Table 3.0bviously, the two methods are inaccurate to
express shear angle. Hence, we will make a modification to shear angle model.

Table 3. Deviation between calculated and simulated values

Cutting speed 30 35 40 45 50 55 60 65 70 75 80 85 90 95
(m/min)
Shear angle 043 | 1.04 | 1.63 224|244 |2.69 |2.85|230|3.16 | 3.52|3.55]|3.54|3.07 | 299
deviation (°)

Assume that we simply focus on the influence of cutting speed on the shear angle, and the shear
angle deviation can be regarded as a function of velocity, then the Eq.3 can be corrected as:

o=m/4—F/2+y,/2+y®) (6)

By fitting the shear angle deviation value, we can get a reasonable function of deviation trend.
Fitting curve and formulas are shown in Fig.6, and the new shear angle formulasare expressed as:

(/4= /247, /2-8x107 K +8.4x107 % ~0.1691x +0.1462, v €[30,65)

¢ =
Tj4—B)2+7,/2+2x107 X —4.41x102X* +3.8544x—107.44, v €[65,95] o
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Figure 6.Deviation fitting curves and formulas under different cutting speeds

On the right side of Eq.8, the last item is a function of the shear angle deviation in different
velocity ranges.It is a modification to the original shear angle formula.

Conclusions

(1)In cutting process, the shear angle is not only related to the rake angle, but also the cutting
speed and workpiece material.

(2)By means of auxiliary test and finite element simulation, the influence of cutting speed on
friction coefficient and shear angle is studied for superalloy GH4169 in cutting process. Results
indicate that the friction coefficient decreases and the shear angle increases with the increasing
cutting speed.When the cutting speed is more than 80m/min, the friction coefficient tends to be
stable.

(3)Based on the traditional shear angle model, the traditional model is modified with

experimental calculation and simulation, and a new shear angle model is established for superalloy
GH4169.
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