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OBSERVATION OF DYNAMIC PROCESSES IN CUTTING ZONE
WHEN MACHINING NICKEL ALLOYS

Process models of super alloys and included finite element modelling simulations are important for optimizing the metal cutting process,
allowing industry to make parts faster, better, and at less cost. Innovative measurement methods of the process can be used to improve and
verify the accuracy of these models. With these methods, there are many sources of error when using empirical or exact methods such as infra-
red radiation thermography to measure the temperature distribution of the tool, workpiece, and chip during metal cutting. Furthermore, metal
cutting presents unique measurement challenges due to factors such as the high magnification required, high surface speeds and deformations,
micro-blackbody effects, changing emissivity, and primary, secondary and tertiary deformations. As part of an ongoing effort to improve our
understanding of the uncertainties associated with these measurement methods, multi-measurement sets of experiments were performed. One
set explored how accurately the surface temperature of the cutting tool reflects the internal temperature. This was accomplished by measuring
the temperature using a thermal camera in the cutting zone. The second set provided high-speed scanning of dynamic processes such as for-
mation of elastic and plastic deformation. For this measurement, a high-speed scanning system was applied, with a macro conversion lens for
monitoring micro-structural changes in deformation areas. The next set applied was necessary for recording dynamic processes by the imple-
mentation of a piezoelectric measurement device for monitoring cutting forces. The outputs from this multi-measuring system are the basis
for verification of theoretical knowledge from this field and elimination of the uncertainties that arise with computational simulation systems.
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1. Introduction

Cutting process analytical modelling allows us to understand
the basic principles of the metal cutting phenomena while
reducing the dependence on empiricisms by avoiding a large
amount of time-consuming experiments. What is more important,
it enables the evaluation of the main process factors such as force
of cutting and aids in its prediction, which is required for the
optimal execution of the machining operation. Many analytical
models have been developed to date which can determine the
relations between the variables involved in the cutting process.
It is generally accepted that the cutting process in the course
of metal machining is restricted to the area in front of the tool
cutting edge due to intensive local shear deformation of the
machined material [1 and 2].

Most of the current analytical models describe the cutting
process as a simple two-dimensional model named orthogonal
cutting. However, most cutting operations are actually three-
dimensional and can be properly described using an oblique
cutting model where the cutting edge is inclined at an angle of
obliquity, A, consistent with the primary motion course of the
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workpiece. Nevertheless, the simplified orthogonal model is
generally used as a good demonstration of the oblique model.
Figure 1 illustrates the orthogonal and oblique cutting models. In
Fig. 1c, the workpiece, initially moving at speed v, goes through
a plastic shearing strain and that leads to a chip streaming at
speed v_after passing a certain shear area exemplified by the
shear plane AB. Due to its importance as a measure of the energy
efficiency of the cutting process, the shear plane orientation,
¢, is essential to analytical models for the development of the
cutting process [3 and 4]. In addition to the stress at the cutting
area, the orientation of the shear plane affects the kinematics
of the machining process too. Merchant [5] designed the most
simple and widely used model to determine the shear plane angle.
He constituted a mathematical concept for describing force
relationships in the cutting process.
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Fig. 1 a) Orthogonal cutting model; b) Oblique cutting model;

¢) General 2D representation of the cutting process with the variables of
the cutting process [6]

Another premise of Merchant’s force of cutting model is
that the whole shearing action is restricted to a single plane of
deformation. Lee and Shaffer [7] chose another approach and
modelled the cutting process based on the plasticity theory. Lee
and Shaffer’s model expects that plastic deformation spreads over
the defined shear zone represented by AABC. There is uniform
stress presumed within the shear zone without work hardening
effects. The complete shearing action is expected to occur along
parallel lines of slip within the shear zone. Lee and Shaffer’s
model also presumes that the maximum shear stress is orientated
in the same direction as the shear plane AC.

Zorev [8] pointed out incongruities of both the single shear
plane and homogeneous stress slip-line theoretical models. He
concluded that both models are limited in their premises; the slip-
line model does not consider the real aspect of work hardening
(and thus no stress gradient) during machining, while the single
shear plane model ignores the enormous velocity deceleration
of the work material from speed v to speed v. Zorev designed
a shear plane model shown in Fig. 2 a) which describes the
shear zone by a series of distinct shear planes, each defined by
continuously varying shear stress values and velocity gradients.
A simplified version of this model is shown in Fig. 2 b) and
presents the shear zone as series of straight shear planes each with
a different shear angle.

(a) (b)

Fig. 2 a) Zorev s curved slip line model,
b) The simplified version of the curved slip line model (Zorev, 1966)

Palmer and Oxley [9] experimentally studied the cutting
process using a cinematography technique. Their results validated
the multi-shear plane theory. They also concluded that tool-chip
contact occurs some distance away from the tool tip, resulting in
a kinematic dead zone at the tool tip. It was incorrectly assumed
that no further plastic deformation occurs as the chip contacts
the tool face and the secondary deformation observed is larger
due to elastic chip flattening at this point. As proven conclusively
from the later experimental work of Wallace and Boothroyd [6],
the chip continues to undergo plastic deformation via shear upon
contact with the tool rake face. A similar theory was included in
Zorev’s [8] work on predicting the shear zone area.

Thus, two major deformation zones called the Primary
Deformation Zone (PDZ) and Secondary Deformation Zone
(SDZ) can be identified in the metal cutting process. The second
occurs because of shear due to the contact friction conditions
between the chip and the tool rake face. Based on experimental
observations, Roth and Oxley [10] developed a slip-line field
model using velocity-dependent material flow lines that definitively
identify the PDZ and SDZ. Based on the latter set of slip-line field
models, the orthogonal cutting process can be presented as shown
in Fig. 3. Depending on the subject matter under consideration,
both single shear plane models and slip-line models have been
used alternatively by researchers to study the cutting process [11].
Aside from the seminal work already mentioned, several excellent
analytical models characterizing cutting mechanics are available.
A list of analytical models is presented by Shaw [3] and will not
be mentioned here for brevity.

Secondary Deformation Zone
(SDZ)

L, Primary Deformation Zone

(PDZ)

Fig. 3 Orthogonal schema showing primary and secondary
deformation zones
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2. Multifunction measuring system

The modelling system FEM is an important tool for
rationalization of the metal cutting process, allowing industry to
make parts faster, better, and at less cost but mainly ensuring the
functional characteristics [12 and 13]. Innovative measurement
methods of the process using thermal systems, high-speed
scanning of dynamic processes and influence can be used to
improve and verify the accuracy of these models. Four goals of
manufacturing-related research at the Department of Machining
and Manufacturing are: to develop and improve measurement
techniques, to develop an understanding of the uncertainties
involved with performing such measurements, to compare models
of machining with thermal and visible spectrum images to verify
the models, and to share this understanding with the machining
community [14 and 15].

The formation of individual deformation zones is shown
in Fig. 4, which shows a schematic of a typical image of an
orthogonal cutting process. The relative motion between a cutting
tool and a workpiece causes material to be removed from the
workpiece. This removed material is referred to as a formation
chip. Most of the deformation of the workpiece material occurs
within a thin area called the shear zone [16 and 17].

Two of the many types of chips are called continuous and
segmented. A continuous chip is a long ribbon of relatively
uniformly deformed material. By contrast, a segmented chip has
alternating zones of low and high shear strain. A zone of low
strain in a segmented chip is called a segment. The zones of high
strain between the segments are mechanically weak, so the long
ribbons of material tend to break into short pieces [18]. These
short pieces are more manageable than a continuous chip. Even
when segmented chips do not break completely, there is generally
a partial gap between the segments. The shear zone is somewhat
stationary when continuous chips are formed, but often travels
along with the chips when the chips are segmented. We will call
the area surrounding the shear zone the face of the chip. The
shear zone has a higher temperature than the face. For segmented
chips, the shear zone generally also has a higher emissivity than
the face [19 and 20].

The system used for measuring and observation processes
in the cutting zone consists of a high-speed imaging camcorder,
thermo-vision system and dynamometer for measurement of the
cutting forces. Besides these sub-devices, there is a laboratory
cold light for lighting the studied area and a computer for
synchronizing all the measured data. This multi-axis measuring
system (Fig. 4) was designed for the universal lathe SUI-40, but
the construction of the stand guarantees some universality of the
measuring system for other types of machines.
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Fig. 4 Multifunction measuring system, 1 - chuck; 2 - sample; 3 - cold

light; 4 - high-speed imaging camcorder, 5 - thermo-vision system;
6 - dynamometer with tool; 7 - macro-stand

Dynamical monitoring of the cutting process can be provided
by the high-speed imaging camcorder, which ensures high-speed
imaging in all experiments, with an imaging frequency of 1000fps.
For detailed study, a super-macro lens Raynox MSN-202 with
20x magnification was used. Based on this optical system, we can
capture an area of 4mm X 3mm.

The actual heat distribution can be monitored by the thermo-
vision system which captures the thermal field in the cutting zone
and heat distribution when machining. This compact camera
allows us to measure temperatures up to 1200°C with a tolerance
of £2°C. Special optics with deflected lens allows us to place the
camera outside of the perpendicular on the scanned object [14].

The piezoelectric 3-component dynamometer can capture
fast dynamic force relations measured as cutting forces with high-
speed scanning up to 1x10°Hz. All the applied measuring devices
are integrated on a macro-stand (Fig. 5). For correct mounting
and manipulation, the macro-stand was designed with mounting
on the lathe support in order to ensure the simultaneous motion
of the camera and cutting tool.

vertical feed

o basic plate

ra\aial feed
axial feed

Fig. 5 Macro-stand with triaxial feed for mounting of high-speed
imaging camcorder which provides simultaneous movement of the
cutting tool and camcorder
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Nickel alloys are popular materials due to their high heat and
creep resistance. Due to their specific properties, they are used
in the aerospace industry. Due to their mechanical and chemical
properties, they are included among the hard-machined materials.
Because this material is characterized as having a combination
of strength, toughness and hardness, it is necessary to choose
specific cutting conditions [21 and 22]. These were chosen from
the real cutting conditions used in practice and they are shown
in the caption of Fig. 6. All experiments were performed without
coolant because this would prevent the scanning by the high-
speed thermo-graphic camera [23 and 24].

To prevent the influence of bound-cutting by the cutting edge
effect, the technology of free-cut turning was chosen. The free
cutting approach ensures as much as possible of the area of the
cutting zone and also ensures that the chips depart in the opposite
direction of action from that of the cutting tool [25 and 26].

3000

3. Evaluation of the experiments

Measurements of cutting forces were conducted in various
cutting conditions. As we can see, the cutting force Ff increased
with the increasing feed and, conversely, cutting force Fc
decreased with increasing cutting speed (Fig. 6). It can be
deduced from the measured data that the behaviour of nickel
alloy Monel 400 is similar to the machining austenite of steel, but
with a higher ratio of cutting forces considering the mechanical
properties of this alloy.

From the monitoring of the dynamic course of the cutting
forces, we can say that the cutting process is created by frequent
accumulation of material as the built-up edge. The built-up edge
has considerable influence on the cutting geometry, which causes
the high dynamization of the cutting process.

Methods of examining and monitoring the cutting zone are
developing with available technologies that are applicable for
the monitoring and capturing of processes during the cutting
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Fig. 6 Static values of cutting forces in various cutting conditions

Fig. 7 Cutting process with continuous cut and minimal cutting speed v, = 40 m.min’ and feed 0.21mm, rise of elementary chip and deformation

areas of plastic and elastic deformation

Fig. 8 Cutting process with continuous cut and maximal cutting speed v_ = 100 m.min’ and feed 0.21mm, formation of continuous ribbon

chip and deformation areas of plastic and elastic deformation
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Fig. 9 Cutting process with continuous cut and maximal cutting speed vc = 100 m.min-1 and feed 0.21mm, formation of continuous ribbon chip

and deformation areas of plastic and elastic deformation

process [27]. The most common possibilities include research of
deformation processes based on finished changes after the end of
the cutting process, such as examining metallographic samples
from the cutting zone, acquired by the immediate interruption
of the cutting process, etc. [28 and 29]. This research reached
sufficient and complete conclusions about the processes in the
cutting zone, but in a static concept after the finished process.
Therefore, it was necessary to find new innovative technologies
for idealized physico-mathematical models as the previous
experimental outcomes provide information about finished
processes only [30 and 31]. It is necessary to record deformation
processes in the form of a high-speed video and image sequences
from which the creation, shape of chips and deformations in the
cutting zone when machining can be evaluated, and these can be
made from monitoring the cutting zone by a high-speed imaging
camcorder [32 and 33].

In the high-speed video records, it is possible to see the
formation of deformation processes depending on the cutting
conditions. At low cutting speeds, the formation of elementary
chips occurs, giving rise to high dynamic shocks which load and
cyclically fatigue the cutting edge up to destruction (Fig. 7).

At the higher cutting speeds, the formation of continuous
ribbon chip occurs, which has a different character of influence
on the cutting edge where thermal effects outweigh the dynamic
shocks and cyclic loadings (Fig. 8).

In the last picture (of Fig. 8) of the measuring system, the
primary and tertiary area and their influence on the machined
surface can be seen. This surface has the effect of pooling the high
stress loadings which act negatively on the functional properties
of parts.

By application of the notch, there was simulation of
discontinuous cut in which the monitoring of the cutting process
before and after tensioning of the technological system was
important. Cutting conditions were identical to the conditions of
the continuous cut. In this experiment, there is formation of the
same chip which has an identical character to that in the previous
experiment. The cutting edge of the cutting tool is exposed to
temperature mainly and dynamic shock and cyclic loadings
(Fig. 9).

In each picture of the measuring system, relaxation of the
technological system (tool - workpiece) can be seen with the
transition to the tensioning of the technological system. These

images show the formation of deformation processes, and are
thus a suitable basis for new simulation and mathematical models.

The data obtained from the individual processes during the
experiments have a direct relationship with each other because
they were obtained simultaneously in a single machining process.
In this case they provide especially a waveform record of the
cutting forces, the time course of development of the temperature
field, and visual records of the deformation phenomena during the
machining process. The measured data were then processed on
a computer into video clips that show how individual phenomena
are associated with each other in the cutting zone (Fig. 10).

thermo-graphic movie
from thermo-vision system

visual image
of high-speed movie

‘-,«w*ww\

wave form of time course
of average temperature
in cutting zone

wave form of time course
of cutting force components
Fig. 10 Deployment of monitored processes in the video output of
multifunctional measuring system [11]

Sequential frames from multi-parametric output are shown
schematically: In the upper left corner is a visual record from the
high-speed camera. In the top right corner is a thermo-graph or
the thermo-graphic time course of the thermo-vision system (this
is slowed down for the high-speed camera frame rate). Below the
video output is the waveform of the components of the cutting
force on the left and the graphic time course of the development
of the average temperature in the cutting zone.

During the turning of the nickel alloy Monel 400, the
phenomenon occurs that the primary contact of the tool and
machined material is highly loaded with the pressure of transition
from forming to the cutting process. In the first frame (Fig.
11), it is possible to see the formation of elementary chips after
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cutting conditions: continuous cutting; v= 70m.min-1; f=0,21mm; ap=6m; machine: univ. lathe SUI-40; cutting tool:
holder STFCL 2525M, insert TCMW 16-160700

Fig. 11 Selected frames from video output of the multifunction measuring system

the intrusion of the cutting tool into the action, and after the
stabilization of the cutting process, flat spiral chips were created.

The microstructure and mechanical properties of the materials
caused a built-up edge to form almost throughout the cutting
process. The components of cutting force during the formation of
the built-up edge and its subsequent “holding on” to the front face
of the cutting tool grew very high. After being picked, the cutting
forces decreased sharply. With the new creation of a built-up edge,
the whole process was repeated. This iterative cycle resulted in
a specific shape of waveform of the components of the cutting
force. In the third frame of Fig. 11 the built-up edge and increased
components of the cutting force can be seen. The last frame of
Fig. 11 captures the moment immediately after the built-up edge
is picked.

4. Conclusions

The multifunction measuring system designed for the
monitoring of processes in the cutting zone allows observation
of the deformations, temperature field, forming and shape of chip
directly in the course of the cutting process, without interruption.
We can evaluate the measured data in the specific dependences
which exist between them.

The forces which act in the process change depending on the
cutting conditions, structure and mechanical properties of the
machined material.

The deformation processes which are in the cutting zone
during machining take place at high speed. Under normal
observation with the naked eye or by microscope only, these
processes are not identifiable. Detailed observation is possible
using the high-speed imaging camcorder. In this way, we can
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observe not only the deformation processes but also the creation
and formation of chips.

With the multifunction measuring system, we can better
intensify the machining process, cutting conditions and so
improve the product quality. We can also reduce the cost,
because this system allows simultaneous measuring. Based on the
observations of the deformation processes in the cutting zone, as

COMMVINICIONS

well as the creation and formation of chips, we can also optimize
the shape of the cutting inserts.
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