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Abstract

An Effective Method for Milling Tool Condition Monitoring Using On-machine Measurement

Junyi Pang

Smart machining technology is now under intensive research worldwide. As a kernel
technique of smart machining, on-machine measurement (OMM) technology can automatically
measure tool diameter and length with laser tool setters on machine so that the machine controller
compensates for the tool wear while machining, which can improve part accuracy without manual
tool measurement on tool pre-setters. However, there is a dilemma that the OMM technique cannot
predict tool failure so that the operator can replace tools before it fails. To address this problem,
this research proposes a new approach to predict failure of round-insert face mill in rough and
finish machining to automatically change tools right before their failure. First, the geometric
equation of flank wear land width of round-insert face mill is formulated; second, after a tool
diameter is measured, the flank wear width is calculated. Third, an experimental method is
proposed to determine the tool radius reduction threshold and the tool location of measurement,
and then the tool failure can be predicted in rough machining. Then, a new method is established
to determine the criteria of tool radius reduction in finish machining according to the machined
surface roughness. Finally, several experiments are conducted to verify this approach, and it is
applied to a practical example. This approach can be directly applied in industry, and it can advance
the smart machining technology.

Keywords: on-machine measurement, tool life prediction, tool condition monitoring, tool wear,

surface roughness.
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Chapter 1 Introduction

1.1 Background

Computer numerical control (CNC) machining is a dominating method of cutting mechanical
part workpieces in industry. Based on the CNC machining technology, intelligent manufacturing
is articulated a trend in Industry 4.0 or the Fourth Industrial Revolution. Many advanced
technologies are applied to the manufacturing process for higher part accuracy and machining
efficiency. CNC machines can be upgraded into smart machines with advanced hardware and
software. An important technique in intelligent manufacturing is to integrate workpiece machining
and tool measuring with a laser tool setter on machine, which is known as on-machine measurement

(OMM).

Traditionally, tool conditions, such as tool radius reduction, length reduction, and flank wear
land width, can only be obtained when unloading the tool from the CNC machine and examining
it with off-machine equipment, and then the tool wear offset is manually set in the controller for
tool path compensation. Since it is inconvenient and time-consuming [1], tool conditions cannot
be monitored. Now, OMM is emerging in machining [2]; a laser tool setter is set up and calibrated
on the machine table, and then special software in the machine controller automatically measures
tool diameter and length with the laser too setter in machining breaks. The tool wear in the
controller is updated with the measured tool diameter and length, and then the following tool paths

are adjusted to compensate the tool wear in time and to machine parts accurately. There are



different types of tool setters, and the most common tool setters are the touch-probe tool setters
and the laser tool setters, as shown in Figure 1.1. The tool setter can automatically measure tool
diameter and length during the machining process and can send the actual tool diameter and length
to the CNC controller to determine tool wear and to compensate tool wear [3]. The tool measuring
process is automatically conducted by the macro programs loaded beforehand, and the measuring
job is automated at the pre-planned breaking points of machining. The operator is free from

measuring tools.

Comparing the two types of laser tool setters, the laser tool setter is more accurate than the
touch-probe tool setter. The laser tool setter has a laser generator and a laser receiver, and a laser
beam emits from the generator and the receiver. In measuring, a controller software guides the
rotating tool to the laser beam; when it blocks the laser beam by 50%, the spindle location is
recorded, and the software calculates the tool diameter or length. Thus, the laser tool setter can
measure tool diameter at a height and tool length at a radial offset. For touch-probe tool setters,
the touch probe sits on a tripod with electrical current passing through the tripod base circle. When
the tool rotating in a reverse way and moving towards the touch probe touches the probe, the
electrical current is cut, and a signal is sent to the controller. The controller records the spindle
coordinates, and the controller software calculates the tool diameter and length. The laser tool
setter is more sensitive than the touch-probe tool setter, thus the laser tool setter is more accurate
than that of the touch-probe tool setter [4]. In this research, the laser tool setter is selected in the

OMM.



Macros of CNC system software includes some memories of numerical control unit and logic
and math operations. A tool measurement program can be developed with macros. This program
can guide the tool to the laser beam, block the laser beam, record the tool coordinates, and calculate
the tool diameter and length. The main function of the macro program when using the laser tool
setter is to store and read different variables in the main program, acquire the current coordinates
of the tool, and calculate the tool wear. With the support of the macro programs, the signal sent
from the tool setter when triggered by the tool can be processed, and the diameter of the cutting
edge can be calculated [5]. The macro program also enables the CNC machine to automatically
measure and set the tools without manual intervention, improving efficiency, and reducing setup

time.

Figure 1.1 A touch probe tool setter and a laser tool setter are shown.

The OMM technology is an effective method to monitor the condition of the tool. A cutting

tool starts to wear the moment it cuts the workpiece. The tool setter is used to measure the radius



of the cutting tool to determine the tool life. Once the tool cutting radius reduction exceeds the
threshold, the controller sends warnings immediately so that the cutting tool is replaced to ensure
the precision of the machining. Apart from its capability of measuring tool radius and length, a
laser tool setter also offers several other functionalities, including tool breakage detection, tool

clamping errors, tool identification, run-out measurement, and form deviation.

The on-machine tool setters can only measure the tool radius and cannot measure the width
of the flank wear directly. As a result, one of the aims of this thesis is to establish the relationship
between the flank wear land width and the tool radius reduction for the milling tool so that the
condition of the flank wear can be calculated directly by using the tool setter. Once the geometric
relationship between the tool radius and the flank wear land width is determined, the tool wear

prediction can be carried out.

1.2 Literature review

1.2.1 Tool wear types in milling

Many kinds of research and experiments have been conducted to study the milling tool wear

mechanism. There are seven primary types of wear in milling progress: crater wear, built-up edge,

chipping, notch wear, plastic deformation, thermal cracks, and flank wear.



Crater wear is the formation of craters in the rake face of the cutting tool due to a chemical
reaction between the workpiece and the tool [6], as shown in Figure 1.2. The crater will extend

from the rake face to the cutting edge and decrease the cutting radius of the tool.

Figure 1.2 Crater wear on the rake face of the cutting tool.

A build-up edge usually appears when cutting sticky materials, as shown in Figure 1.3.
Workpiece material adheres to the cutting tool instead of being properly cut or removed [7], which
increases the cutting radius of the tool. This leads to increased cutting forces, which can result in
overall tool failure or the detachment of the built-up edge, often causing the removal of coatings

or portions of the cutting edge.

Figure 1.3 Build-up edge adheres to the cutting tool.



Chipping occurs due to an overload of the cutting tool mechanical tensile stress [8], as
shown in Figure 1.4. There are several factors that can contribute to these stresses, including chip
hammering [9], excessive depth of cut or feed rate [10], built-up edge formation [11], vibrations,
or excessive wear on the cutting insert. When these stresses become too high, the cutting edge of

the tool can chip, leading to tool failure. Chipping also makes the cutting radius of the tool reduce.

Figure 1.4 Chipping on the cutting edge of the cutting tool.

Notch wear appears at the depth of the cut, as shown in Figure 1.5. It is excessive localized
wear that occurs both on the rake and flank face of the tool. Notch wear at the depth of cut occurs
because of high-stress gradients [12], fatigue loading [13], and chip adhesion with pull-out [14].
The initial form of notch wear is localized flank wear. As the wear extends both on the rake face
and the flank face, it becomes the notch wear. This kind of wear will be detected with an obvious

decrease in cutting radius at the depth of cut height using OMM.



Figure 1.5 Notch wear usually occurs at the depth of the cut.

Plastic deformation occurs when the material of the cutting tool becomes softened due to
high cutting temperatures, as shown in Figure 1.6. This phenomenon is more likely to happen with
lower-grade cutting tool materials. The deformation results in the tool cutting edge decreasing

when being measured using the tool setter.

Figure 1.6 The cutting tool is softened due to temperature.

Thermal cracks are also common during milling. The cracks appear perpendicularly to the
cutting edge because of the rapid temperature fluctuations on the cutting edge, mostly due to the

cooling condition [15], as shown in Figure 1.7. These cracks also decrease the cutting radius of the



cutting tool and can be detected by the laser tool setter. To avoid thermal cracks, it is recommended

to either use a significant amount of coolant or completely abstain from using coolant.

Figure 1.7 Thermal cracks appear due to rapid temperature fluctuations.

Flank wear is the most common type of tool wear that happens on the flank face of the
cutting tool, as shown in Figure 1.8. The flank wear occurs due to the continuous contact between
the flank face of the tool and the workpiece surface [16], and it will also decrease the measured
cutting radius. V} is the width of the flank wear. If the flank wear extends the tolerance, the surface
roughness of the workpiece will be lower than the design requirements, resulting in a decrease in

machining accuracy.

Figure 1.8 Flank wear occurs due to friction.



There are three different types of flank wear in milling, uniform flank wear, non-uniform
flank wear and localized flank wear [17]. Uniform flank wear is with constant width and is
distributed evenly from zero height to the depth of cut, as shown in Figure 1.9. It is the most
expected flank wear as it is predictable. When using the laser tool setter to determine the uniform

flank wear, several measurement points can represent the whole tool condition.

Figure 1.9 The uniform flank wear is the most expected tool wear [25].

The second type of flank wear is non-uniform flank wear (Figure 1.10). The wear pattern
is irregular, and when measuring through an on-machine laser tool setter, the cutting radius
discretion varies at each measurement height. Usually, when a tool has non-uniform flank wear as

its primary wear, the tool condition is determined by the maximum flank wear land width [18].



A-A

Figure 1.10 The non-uniform flank wear has irregular wear pattern.

The third type of flank wear is localized flank wear, it usually occurs at the locations with
maximum stress [19]. The non-uniform flank wear at the depth of cut can develop to notch wear,
and its formation may be due to the difference in hardness between the surface material and the
internal material of the workpiece [20]. As a result, the locations mentioned above should be set as

the primary measurement locations.

Figure 1.11 The localized flank wear at the locations with maximum stress.

During machining, multiple types of wear may occur before the cutting tool reaches its tool

life, and various types of wear may appear under different cutting conditions. Odedeyi et al. [21]

10



performed an experimental study on end milling of stainless steel 316 with coated carbide inserts,
and the results showed that the cutting speed is the main factor of the wear type and wear value.
When milling at a cutting speed of 146 m/min, the tool wear type was flank wear. When the cutting
speed was increased to 205 m/s, both flank wear and build-up edge appeared, and the tool kept
milling, then chipping happened on the cutting edge. The results also indicate that in this milling
progress, the most heavily worn area appears at the area where the corner radius intersects the side
cutting edge. This location is called the junction between the corner rounding and the side cutting
edge. Bermingham et al. [22] built laser-assisted machining progress. The milling was conducted
using a Seco carbide cutting Ti-6Al-4V workpiece. The experiment was at a cutting speed of 90
m/min, a feed rate of 0.28 mm/rev, and a depth of cut of 1 mm. The experiment graphic showed
after cutting for 48 seconds, the flank wear was the primary tool wear. The wear was uniform and
easy to measure until the cutting time reached 167 s. An obvious notch wear appeared at the depth
of the cut, and the tool failed. Emre et al. [23] utilized the scanning electron microscope to analyze
the tool wear progress while milling NiTi alloy. They proposed that the feed rate is the main factor
of the value of the flank wear. The build-up edge was formed near the junction between the corner
rounding and the side cutting edge under the condition of low cutting speed and low feed rate since

the temperature at the tool-chip interface was low.

It can be noticed that different types of tool wear are always combined to appear before the
tool wears out. For most cutting tools, it can be indicated that tool failure always first appears in
two locations: one is at the junction between the corner rounding and the side cutting edge of the
tool, and the other is at the depth of cut. So, these two locations are considered the optimum

measurement locations of most milling tools. As round insert milling tools have different geometric

11



designs, the optimum measurement locations need to be determined through experiments according

to the tool wear patterns.

1.2.2 Tool life determination and prediction

There are several criteria to determine whether a tool reaches its tool life. According to ISO
8688-1 [24], the tool-life criterion can be a pre-determined numerical value representing any
measurable form of tool deterioration. If multiple forms of deterioration are measurable, each
should be recorded, and once any of the deterioration limits are reached, the tool life has been
reached. The deterioration that contributes most to the end of tool life should be used as a guide
for selecting the tool life criteria. Two recommended criteria are provided in ISO 8688-2 [25]. One
is the depth of the crater on the rake face of the tool, shown in Figure 1.12 (a). In normal conditions,
the recommended maximum depth of the crater is 0.1 mm. Another recommended criterion is the
width of the flank wear, shown in Figure 1.12 (b). It is the most used criterion, and the uniform
maximum value of flank wear land width is recommended as 0.3 mm, while for localized flank

wear land width, each tooth of the cutting tool should not be beyond 0.5 mm.

A-A

Wld[h A_A

Figure 1.12 (a) The depth of the crater and (b) the flank wear land width [24].

12



The recommended criteria for tool life determination can only be measured through off-
machine measurement and cannot be determined by the on-machine tool setter. The width of the

flank wear width is selected most as the primary determinant of the tool life. Once the geometric
relationship between the flank wear land width and the tool radius is determined, it is possible to

establish a tool life criterion based on the reduction in tool radius.

The tool life curve is shown in Figure 1.13, the wear process of a cutting tool is generally
divided into three stages: the Break-in period, the steady state, and the failure period [26]. In the
break-in period, the surface of the cutting tool is relatively rough and contains micro-cracks and
other defects. The contact area between the tool, workpiece, and chips is small, resulting in high
stress on the rake face and flank face of the tool. Consequently, the wear rate of the tool is rapid
during this stage. Then after a rapid wear period comes the steady state, which is the effective
working period of the tool. As the wear progresses, the flank face gradually becomes smoother. At
this stage, the tool enters the normal wear stage, where the wear rate decreases. In the failure region,
cutting force and cutting temperature increases, the wear rate also rapidly rises. At this stage, the
machine may experience phenomena such as noise and vibration, and the surface quality of the
workpiece deteriorates. These indicate that the tool has reached an ineffective wear state. To protect

the machine and workpiece, it is necessary to promptly replace the tool.
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Figure 1.13 Tool life is predicted as a function of cutting time [26].

Tool life prediction has always been an important topic, and researchers have adopted
different methodologies to investigate the relationship between tool life and cutting conditions.
Alauddin et al. [27] utilized response surface contours in speed-feed planes to determine the
optimum cutting conditions for the required tool life. The research developed a prediction model
for milling steel 190 DHN, and it showed that an increase in the speed, the feed, and the axial depth
of cut decrease the tool life. Amir et al. [28] performed milling experiments under different
conditions by using artificial neural networks and the Taguchi design method. The experiments
were out using the high speed steel-E (HSS-E) made cutter and the Al 7075 made workpiece, and
the main parameters in the experiments were cutting speed, feed rate and depth of cut, and the test
tool life was measured in terms of machining time. The predicted result was close to the
experimental data, and the error was 0.006. Jaydeep et al. [29] proposed a model to predict flank
wear land width using the Bayesian updating method. The carbide inserts and 1018 steel
workpieces were used in the experiment. The research investigated the prediction of the flank wear

land width with the change of spindle speed under the same other cutting conditions (axial depth

14



of cut, feed rate), and the result shows that predicted distributions agreed with the experimental
values of tool life. Cyril et al. [30] predicted the remaining useful life using the neural network
technique based on the machine spindle power. The experiment was carried out using carbide
inserts cutting stainless steel SS403. The experiment results showed that the accuracy of the
prediction model decreases with the decrease in the spindle speed. Yang et al. [31] predicted the
milling tool life using the model based on trajectory similarity and support vector regression. The
relationship between the signal characteristic quantity and the tool wear was studied. The
experiment was carried out using a carbide endmill and TC4 workpiece, and the relative errors of

flank wear value prediction accuracy in the stable stage of the sample tool were above 88%.

There are many types of research focused on the prediction of flank wear land width. Wang
et al. [32] proposed a mathematical model of the milling tool's flank wear land width by
temperature-dependent wear mechanism determination when machining Inconel 182 overlays. The
error of the predicted minimum value and test value is 6.5%. Palanisamy et al. [33] plotted contours
and response surfaces for the interaction effect of feed rate and depth of cut on tool wear and then
applied the artificial neural network to analyze the result and establish a prediction model for flank
wear. The model was verified by an experiment cutting AISI 1020 steel with a carbide endmill,
and the result showed that the average error between the predicted flank wear and the experiment
results is less than 5%. Another tool flank wear prediction model was made by Tiyamike et al. [34].
The research developed the VB progression model for face milling of Inconel 718 using multilayer
physical vapor deposition TiAIN/NbN coated carbide inserts with the input feature of cutting speed,
feed rate, axial depth of cut, and cutting length using a Gaussian kernel ridge regression, the

predicted results agreed well with the measure flank wear land width. The experiment results also

15



showed that different types of tool wear appeared with the increasing cutting time. The uniform
flank wear occurred first when the cutting length was 1200 mm, then macro-chipping and localized
chipping appeared when the milling length reached 4000 mm. The flank wear and build-up edge
were the main type of tool wear on another cutting tool when the milling length was 4400 mm and
chipping also appeared at the length of 4600 mm. The tool wear type in the experiment result also
meets the theory mentioned in the previous section. Gouarir et al. [35] brought up a method to
predict the flank wear by training a Convolutional Neural Network, the stainless steel workpiece
was milled by a 6 mm Uncoated ball endmill with the substrate of tungsten carbide, the prediction

error is less than 10%.

By examining all the prediction models mentioned before, it can be noticed that all the
models need significant computational power. However, the CNC controller has limited variables
to utilize, and its computational power is limited. So, if the tool condition monitoring and prediction
need to be conducted independently on the CNC machine, it is necessary to find an alternative

method.

1.2.3 Relationship between flank wear and workpiece surface roughness

In practical industrial manufacturing, the surface roughness of the product is an important
criterion, as it directly reflexes the quality of the product. As the tool's flank wears, its cutting edge
becomes less efficient, leading to increased friction and heat generation during machining. This
can result in poor chip evacuation and surface irregularities, leading to a rougher surface finish.

Additionally, excessive flank wear can cause tool vibrations and unstable cutting conditions,
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further deteriorating the workpiece surface quality. Therefore, monitoring and controlling flank

wear is essential to maintain desired surface roughness in machining operations.

Surface roughness is an important criterion that reflects the tool life in the practical industry.
When a tool fails to meet the specified surface roughness requirements, it signifies that the tool has
reached the end of its useful life and should be replaced. Uros et al. [36] used the adaptive neuro
fuzzy inference system (ANFIS) to predict the surface roughness with the different machining
variables (spindle speed, feed rate and depth of cut). The ANFIS system was trained, and the
resulting prediction error for surface roughness with the experiment result was 4%. Kivak et al.
[37] built a prediction model using the Taguchi method and regression analysis that predicted both
the surface roughness and the flank wear land width with cutting speed and feed rate as machining
parameters. The experiment was conducted using Hadfield steel with PVD TiAIN and CVD
TiCN/AI203-coated carbide inserts under dry milling conditions, and the prediction errors for

surface roughness and flank wear land were both within 5%.

There have been several studies on the relationship between surface roughness and tool
wear conditions. Kivak et al. [37] milled the Hadfield steel with coated carbide inserts under dry
milling conditions. The study found that the feed rate is the main factor for surface roughness, and
cutting speed is the main factor for flank wear. The results showed that when the flank wear reached
0.3 mm, the surface roughness of the workpiece was 0.59 um. Emre et al. [23] conducted an
experiment to mill the nickel-titanium shape memory alloy with carbide tools. They proposed that
the surface roughness is mainly affected by the nose radius of the tool. The results showed that

when the flank wear was close to 0.3 mm, the surface roughness of the workpiece was around 0.38
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um, and there was another discovery that the cutting conditions (spindle speed, feed rate and depth
of cut) had little effect on the difference of surface roughness as long as the measured flank wear

length were the same.

1.3 On-machine measurement system

Before the emergence of on-machine measurement technology, the traditional way to
measure the diameter and length of a tool is to use an offline presetter. The offsets of the tool are
input into the controller manually by the operators. When the tool condition needs to be checked
during the machining, the tool has to be unloaded from the spindle and measured by the offline
presetter again. This measurement is very inefficient, and errors due to measurement and
installation can easily occur during the progress. With the OMM technology becoming more widely
adopted in the industry, tool measurement becomes much more efficient, the measurement does
not require unloading the tool and inputting the offsets manually. The controller receives the signal
from the tool setter and directly stores the measured radius and length offset values in the

corresponding locations, which saves both manpower and time.
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Figure 1.14 The tool setter measures the tools using a laser beam.

The laser tool setter is commonly used in CNC on-machine measurement since it is of high
precision and high response speed. The laser tool setter used in this research is a Renishaw NC4
non-contact tool setter, as shown in Figure 1.14. The laser tool setter consists of a laser transmitter
and a laser receiver. The receiver has a sensor that detects the laser beam. Once the laser beam is

blocked by the tool for fifty percent, the sensor will generate a triggering signal.

The signal triggered by the laser tool setter is sent to an interface (Figure 1.15) that

processes the signal from the laser tool setter and converts the signal into a pulse signal that is

recognizable by the CNC controller.
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Figure 1.15 The interface converts the signal to the controller.

The pulse signal is sent to the CNC controller (Figure 1.16). When the signal is received
by the controller, the current coordinates information of the cutting tool is recorded, and the tool

geometry condition can be calculated in the CNC controller by calling the macro programs.
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Figure 1.16 The CNC controller processes the signal sent from the interface.
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The macro programs and the measurement programming software are the core of the whole
system. The programs not only enable the CNC machine to measure the tool degradation in radius
and length but also provide a method for tool inspection to check for issues such as missing or
damaged tool teeth or excessive radial runout of the tool. The laser tool setter, interface, CNC
controller, program and software form the intelligent manufacturing system. By applying the
system to the industry, the CNC machine can conduct tool geometry measurements and save the
information into the controller, then, the new tool path can be generated automatically with the

updated tool information, and the tool condition is monitored.

Figure 1.17 shows the designed general workflow of machining progress with OMM. First,
the designed model is input to the CAM software to generate the post-processing file, and the G-
code is generated for the controller. After loading the file with G-code into the controller, the
machining can be started. Before cutting the workpiece, a pre-measurement should be performed
to determine the original geometry of the cutting tool and update the tool offsets in the first place.
After cutting some parts, the tool needs to be measured, so the macro program is called to perform
the on-machine measurement. The controller analyzes the data acquired, calculates the tool wear
and determines whether the cutting tool reaches its lifetime. If the tool still functionally works, the
newly measured offset value replaces the former value so that the compensated tool path can be
generated. If the measured tool wear exceeds the threshold, the machining program will be
suspended, and an alert will be sent to replace the tool. The whole process is programmed in

advance, and the program can be operated autonomously without intervention.

21



CAD Model

. A

v

. N

Post-processing Files

S T
G-Code

v

Pre-measurement

Machinin Compensated
? Toolpath Generation

v

OMM
Tool Wear Detection [ Update Tool Wear ]

NO

Suspend Machining
and Send Alarm

Figure 1.17 The manufacturing progress with OMM technology.
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14 OMM tool wear threshold for practical industry

The tool life determination mentioned in section 1.2.2 is focused on the tool condition itself.
However, if relying only on the method of evaluating tool wear in real industry, there is a risk that
the quality of the workpiece may exceed the machining requirements before the tool reaches its
wear threshold. In the practical industry, the tool life is usually determined by its cutting time [38],
which is also not an accurate method. Some tools are replaced well before reaching their tool life,
resulting in unnecessary cost losses. The OMM tool wear threshold in this research is to establish

an optimum reference that can determine the tool's life through experimental analysis. The

advantage of using the OMM tool wear threshold is that the data can be stored in the CNC controller,

enabling the controller to monitor the tool condition independently.

1.5 Thesis objectives and outline

In Chapter 2, a model of a round insert end mill is built, and the tool flank wear mechanism
of the insert is demonstrated. In Chapter 3, the geometry relationship between the tool cutting
radius decrease and the tool flank wear land width is explained. In Chapter 4, experiments are
conducted to verify the accuracy of the flank wear model by applying OMM technique during
milling. Then an application of the flank wear theory is conducted to establish the OMM tool wear
threshold for roughing and finishing, which demonstrates a method to determine tool life using the

flank wear land width and surface roughness. Lastly, Chapter 5 conducts a conclusion.
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Chapter 2 Modeling the Flank Wear of a Round Insert

End Mill

2.1 Geometric model of a round insert end mill

A model of a round indexable end mill with two inserts is established to simulate the

formation progress of the tool insert flank wear, as shown in Figure 2.1.

Figure 2.1 A model of an indexable end mill with round inserts is built.

As shown in Figure 2.2 and Figure 2.3, r is the radius of the round insert, and # is the

thickness of the insert. The virtual cutting point O, is the intersection of two tangent lines from

point A and point B. The cutting edge is the intersection of the flank face and the rake face from

the lowest point of the insert point A to the axial depth of the cut (a,),
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The clearance angle ( £ ) is the angle between the flank face and the workpiece, (see Figure

2.3), which is an important characteristic of the round insert, as the clearance angle directly

determines the parametric equation of the flank surface.

ank Face

A

Figure 2.2 A round insert of the cutting tool is shown.

Figure 2.3 The clearance angle and the virtual cutting point of the round insert is shown.
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The cutting tool model is with two flutes (see Figure 2.4), and each round insert is fixed

into the tool seat with a screw. The cutter seat on the tool body has a radial angle (6 ) and an axial

angle () that determine the rake angle of the cutter.

Tool body

Figure 2.4 The insert is clamped on the tool seat.

To better determine the rake angle, a zero-height plane is introduced, which is a horizontal
plane at the lowest point of the cutting tool. O is the intersection of the tool body axis and the zero-
height plane, and the distance between O; and the virtual cutting point O; is determined as the tool's

radius. The extension of the rake face intersects the zero-height plane at line O;P. The radial angle
(8) of the insert is the angle between O; O; and O;P, as shown in Figure 2.5. The axial angle of the
round insert (0,) is the complementary angle of the angle between the rake face and the zero-height

plane (see Figure 2.6). When an insert is screwed into the cutting tool seat, the position is settled,

but during the milling process, tool wear will occur and will change the geometry of the insert. As
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a result, the tool wear mechanism is studied to adjust and update the insert’s geometry to minimize

manufacturing errors.

Figure 2.5 The radial angle of the round insert.

Zero-height plane

O:

Figure 2.6 The axial angle of the round insert.
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2.2 Geometric analysis of the flank wear mechanism

The flank wear mechanism is analyzed in this section. Because of the friction between the
tool flank face and the workpiece surface, the flank wear will appear, and the flank wear land width
will grow until the insert fails. As the width of the flank wear increases, the radius of the cutting
edge decreases, so there is a relationship between the value of the flank wear width and the tool
cutting edge radius decrease. To numerically analyze this relationship, the round indexable flank

wear progress simulation is built in the first place.

For an intact insert without wear, the cutting edge of the indexable round mill rotates around
the spindle axis, and the rotation of the cutting edge forms the rotation surface (see Figure 2.7).
When the milling progress starts, the insert starts to wear, and abrasion starts to appear on the flank

surface and the cutting edge. Therefore, a new cutting edge is formed.

Figure 2.7 The original rotation surface of the round insert is formed.
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Figure 2.8 The new rotation surface of the round insert with flank wear is formed.

The new cutting edge forms a new rotation surface. The new rotation surface is shown in
Figure 2.8. This tool wear model is made based on the assumption that the primary type of tool
wear of the round insert indexable mill is flank wear. The reason for this assumption is that flank
wear is usually the most common type of wear. Flank wear appears when the milling starts and is

always used for examining the tool life of the insert.

The model is built by reducing the radius of the original cutting edge rotation surface in the
direction of the spindle axis to simulate the progress of the formation of the new cutting edge
rotation surface, the area between the two intersections of the new rotation surface and the insert

is the flank wear land.

With this flank wear land model established, the flank wear mechanism can be numerically
analyzed in the next chapter. As seen during the progress of building the model, the flank wear
directly affects the cutting edge radius, so the tool setter can get the width of the flank wear by
measuring the radius of the tool. The specific method to calculate the flank wear land of the round

insert using the tool radius reduction is explained in the following chapter.
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Chapter 3 Relationship Between Cutting Edge Radius

Reduction and Flank Wear Land Width

3.1 Parametric equations of the flank surface on the round insert

To numerically analyze the relationship between the flank wear land width and the radius
of the round insert, the first step is to establish the parametric equations of the flank surface. The
round insert flank surface is a frustum of a right circular cone. Assuming the rake angle of the
surface is zero, the parametric equations of the insert are derivate. First, the insert coordinate system
(X;-Yi-Z;- 0;) is set in the center of the insert, and the surface X;- Z; - O; is on the rake surface of

the insert, as shown in Figure 3.1.

Cutting edge ¢

Figure 3.1 The insert coordinate system and the cutting edge is shown
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After the coordinate system is built, the parametric equation of the round insert in this

coordinate system can be derived as

X, (R—t-tan(f))-cos(x)

1

Y, t
E=|""|= cu<? |
2T (R=t-tan(p)) sin(ay | 05 @ ST and 0=, 3.1)

1 1

Figure 3.2 Parameterization of the round insert.

Where R is the radius of the round insert, ¢ is the thickness parameter of the insert, and &
is the angle parameter with respect to 0;Y; axis. ¢ is the thickness of the insert and /3 is the

clearance angle of the insert. The cutting edge of the insert is a circle, as shown in Figure 3.1. Its

parametric equation is
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¢ = —gszso 3.2)

3.2 Transformation matrix from the insert to the tool coordinate system

After the parametric equations of the round insert are established in the insert coordinate
system (X;- Y;- Z; - 0;), the next step is to derivate the parametric equations of the insert in the tool
coordinate system. The tool coordinate system (X;- Y;-Z; - O;), is shown in Figure 3.3. Point L is

the lowest point of the cutting edge, and the X; O, Y; surface is set on this height.

Figure 3.3 The tool coordinate system is established.
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The 0.Z, axis is along the spindle axis and the 0, X; axis is along the line 0,0,, where 0,
is the virtual cutting point of the round insert. According to the definition of the virtual cutting
point, 0,0, is the maximum cutting radius of the tool (»). The 0,Y; axis is set following the right-

hand rule.

The way to derivate the parametric equations of the round insert in the tool coordinate
system is to use the transformation matrix. The geometric relationship between the two coordinate

systems is shown in Figure 3.4. When the insert is clamped into the cutter, the virtual cutting point

0, is on the X.0,Y; surface. The axial angle (0,) of the insert is defined as the angle between 0;Z;

axis and 0,Z; axis, and the radial angle (0) is defined as the angle between 0;X; axis and 0.X;

axis.

Figure 3.4 The insert can be located in the tool coordinate system.

The virtual cutting point O, is an important point during the transformation progress. The

coordinate system needs to be translated to O, from the insert coordinate system first, shown in
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Figure 3.5. The rake surface of the insert is coplanar with the 0, X; Z; , and the origin of this
coordinate is at O;, O; X; axis is colinear with the line 0; Z, and now X;- Y; - Z; - O is the

coordinate system at the virtual cutting point.

Figure 3.5 The coordinate system at the virtual cutting point is established.

The translation matrix for moving the insert coordinate system to the virtual cutting point
is to move the coordinate system r in the X; direction and then move -R in the Z; direction. The

translation matrix is

1 0 0 -R
0 0 0
T =
0 0 0 R (3.3)
0 0 0 1]
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To transfer the coordinate system X;- Y; - Z; - O; to the same direction as the tool coordinate

system X;- Y; - Z; - O, it should be first rotated about the X; axis by @, the rotation matrix is

0 cos(d) sin(@) 0
X1 =

0 0 0 1

1 0 0 0]

0 -sin@) cos(@) 0|

(3.4)

Then the coordinate system should be rotated about the Z; axis by 0, the rotation matrix is

cos(f) sin(@) 0 0
—sin(@ ) cos(@) 0 0
R, =
0 0 1 0
0 0 0 1

(3.5)

The final step is to translate the coordinate system at the virtual cutting point to the tool

coordinate system. The coordinate system should be moved in the X; direction by 7, and the

translation matrix is

(1 0 0 -

01 0 0
T =

00 1 0

0 0 0 1]
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So the equivalent transformation matrix from the insert coordinate system to the tool

coordinate system is

sin(6))
cos(6)

sin(@) ) - sin(6.)

{M =T, R, Ry, T, =
(10 0 7] cos(8)
0 1 0 0 |-sin@)
0O 0 1 o0 0
0 00 0 1] o
i cos(f )  cos(0)-sin(6)
—sin(@) cos(€)-cos(8)
0 —sin(@))
0 0

3.3

0 0
0 0
1 0 .
0 1

cos(@))-sin(8))

cos(8))
0

[

0
cos(8).)
—sin(6) )
0

r—cos(8)-R+R-sin(6 ) -sin(6) |
R-sin(@)) +cos(6 )- R -sin(0,)

0

sin(6).)

cos(.)
0

cos(d))- R
1

—_

(= =)

(= = = N =]

oS o o o

Calculation of the flank wear land width on the round insert indexable mill

(3.7)

The laser tool setter only measures the change of the cutting radius, so if the flank wear

land is to be calculated by the on-machine laser tool setter indirectly, the first step is to derivate the

parametric equations of the flank surface from the insert coordinate system to the cutting tool

system. The parametric equation of the flank surface in the tool coordinate system is
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(3.8)
cos(8,.)J cos(ax) +tcos(6,)sin(6.) + J)sin(a)sin(8, ) sin(6,) +r + R(sin(b, ) sin(6.) — cos(6,))
tcos(6,)cos(6.)—sin(6.)cos(a)J +cos(6.)sin(6,)J sin(a) + R(sin(6.) +sin(8, ) cos(b.))

—sin(@, )t +cos(8,)J sin(ax) + Rcos(6,)
1

Where J=R—ttan .

When measuring the tool radius using the laser tool setter, a measurement height (h) needs
to be set, as shown in Figure 3.6. The laser tool setter detects the cutting edge at point Py, and the
controller of the CNC machine calculates the tool radius at this measurement height, then sends

the new tool radius back to the offset for tool radius compensation.

Given a measurement height, the theoretical tool radius (Ry) of a cutting edge with unworn
inserts can be calculated. The cutting edge c intersects the surface of the measurement height at
point P,.. The theoretical cutting radius is calculated using the parametric equation of the cutting
edge of the insert, as mentioned in equation 3.2. By transferring the parametric equation of the
cutting edge from the insert coordinate system to the tool coordinate system using the
transformation matrix, the parametric equation of the cutting edge in the tool coordinate system

1S

c(A)="M-c,(2) (3.9)
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When a measurement height /4 is determined, 4 equals to Z,, , the cutting edge intersects

with the horizontal surface at measurement height 4. The geometric relationship between 4 and

the angle parameter of the cutting edge /1 can be established as

o
cos(8,)R

Zt‘/\

Oty
N ¥

Ot Xt

sin(1) = (3.10)

Figure 3.6 Measuring the tool cutting radius at the measurement height.

P, is a point on the cutting edge at the measurement height. Its coordinates are calculated

by replacing 2 with 2 R and cos(6,) in equation 3.9.



X r—cos(8.)R +cos(6.)RG +tan(6, ) sin(6, ) h
Y, Rsin(6.)—Rsin(6,)G +cos(6,) tan(6, ) h

P = = 3.11
| ; (.11)
1 1
1
where G = (1—(%)2)2 .

So the tool cutting radius at the measurement height (R,) can be calculated using the

coordinates of point P,,

x’+y =R’ (3.12)

The tool radius wear is DR, so the newly formed cutting radius of the tool (Ry) can be
calculated, and point P shown in Figure 3.7 is the intersection of the new tool cutting edge with

the horizontal surface at measurement height.

R, =R, —DR (3.13)

39



[/ Py

Figure 3. 7 The newly formed tool cutting radius Rf.

To calculate the flank wear land, the coordinates of point Prneeds to be obtained. As point

Pris on both the circle with a radius of Rrand the flank surface, the coordinates of the Pr (x,,y,,z,)

can be obtained by solving the equations:

(3.14)
Zf = Zl =
First, the parameter ¢ can be calculated by using z, =z, =h:
R(sina+1)—h (3.15)

- tan(6,) + tan fsin o

Then the parameter t in Equation 3.8 can be replaced by ¢, and the equations are only

functions of & :
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X, A+ Bcosa+Csina

, D+E + F'si
P = Yl cosa+ Fsina (3.16)
' z, h
1 1
Where
A=Rcos0r—Losg"+V
B:_—cosﬂrPtanﬁ
0

C:Scos9,+U

0

D =§cos 0,cos6 +R(sin@ +sin@, +cosb))
. P .
E=-Rsin6, +§sm€r tan 3

F =cos® sind, (R —gtanﬁ)

P=R(sina+1)-h

O=tan6 +tan fsina

S =tan fsinf sin6,

T =cos@, sinf,

U=Rsing sin,

V =r+R(sin@ sin€ —cosf.)

The flank wear land width is defined as the vertical distance from point Prto the rake face
of the insert. To calculate this value, the equation of the rake face in the tool coordinate system

needs to be derived.
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The unit normal vector of the rake face in the insert coordinate 7, system is
(3.17)

By using the transformation matrix, the normal vector of the rake face in the tool coordinate
system ‘i, is
cosd, sin6.

L - . .i' —
i =R, ‘R, -1 =

r

= . 3.18
—sin@, (3.18)

At
B, cosd, cosO,
Ct

1 1

Then the equation of the rake face in the tool coordinate system can be presented as:

A-(x-r)+B-y+C,-Z=0 (3.19)

The flank wear land width (¥3) can be calculated using the distance formula:

v A (X, =r)+B,-X,+C,-h (3.20)
’ \/Af +B*+C/ '

With Equation 3.20 being established, the flank wear land width at measurement height 4

can be calculated.
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Chapter 4 Experimental Verification of Flank Wear

Mechanism of a Round Insert Mill

4.1 Experimental design

To verify the relationship between the flank wear and the cutting radius reduction of the
round insert, and to study the tool wear pattern of the tool, a verification experiment should be
conducted. The OMM system is introduced into the experiment to measure the cutting radius of

the tool, and the images of the tool wear are taken with the microscope.

The experiment procedure is as follows: The milling program is input to the CNC controller
for machining. The laser tool setter is utilized by calling the tool setter’s macro program within the
main program. Every time the tool is measured by the laser tool setter, the value of the radius offset
stored by the controller should be recorded. The cutting tool is unloaded from the spindle to
measure the flank wear land width on the microscope. When measuring the flank wear land width
of the insert, the microscope measurement should be in the direction parallel to the rake face of the

insert and perpendicular to the cutting edge.

The cutting tool machines a block-shaped workpiece. During the process of milling the
workpiece, the insert cuts the workpiece and wears out. A cut is defined as the tool machining one

layer of the workpiece with a depth of 1mm (see Figure 4.1). The measurement is taken after every
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cut, and the predicted flank wear land width is compared with the experimental result to verify the

accuracy of the flank wear land width model.

Figure 4.1 One cut is defined as the cutting tool milling one layer of the workpiece.

4.2 Experimental setup

The experiments are conducted on the Bridgeport VMC 1000xp 3-axis CNC machine,
which is equipped with a FANUC Oi Mate-MD controller, as shown in Figure 4.2. The EMR5R
two inserts round mill is selected, as shown in Figure 4.3, the insert material is H5501 alloy with
coating. The tool radius and the tool length are measured by a tool presetter before being loaded
on the spindle, and the tool parameters are listed in Table 4.1. A Renishaw NC4 laser tool setter is
installed on the CNC machine to construct the OMM system, as shown in Figure 4.4. This is a
roughing machining process, the 104 by 104 by 40 mm 2Cr13 stainless steel workpiece is clamped
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on the worktable (Figure 4.5), and the tool cuts the workpiece without coolant. After the cut, the
tool is unloaded from the spindle and observed under the microscope (see Figure 4.6). The axial
depth of cut is set as 1 mm, the radial depth of cut is 5 mm the spindle speed is 2000 rev/min, and
the feed rate is 700 mm/min. The measurement points are evenly distributed from zero to the depth
of cut in the tool axis direction, and the height of each measurement from P to Ps is as follows:

0.2 mm, 0.4 mm, 0.6 mm, 0.8 mm, and 1 mm, as shown in Figure 4.7.

Figure 4.2 The Bridgeport VMC 1000xp 3-axis CNC machine is selected for milling.

Figure 4.3 The EMRSR two inserts round mill is selected for milling.
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Table 4.1 The parameters of the EMRSR cutting tool.

Parameters Symbols Values
Tool radius r 5.024 mm
Tool length L; 176.792 mm
Insert axial angle o, 6°
Insert radial angle [z -12°
Clearance angle ¥4 10°
Insert radius R 5 mm
Insert thickness ti 3 mm

Figure 4.4 The round inset tool is measured by the OMM system.
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Figure 4.5 The 2Cr13 stainless steel workpiece is fixed for milling.

Figure 4.6 The tool wear is observed under the microscope.
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Figure 4.7 The measurement points are distributed evenly along the tool axis direction.

4.3 Results and discussion

Before the cut, the cutting radii at five measurement heights are measured by the laser tool
setter to determine the initial tool cutting radii, each point is measured three times and the average
value is measured as the result. As the tool length is not decreasing during each measurement, the
tool length wear is negligible. The results are shown in Table 4.2. The cutting tool is measured by
the laser tool setter after machining each layer of the workpiece, the tool radii at 5 measurement
points are recorded by the controller and stored in the controller system variables, then the tool is
unloaded from the spindle to measure the flank wear land width by the microscope. The tool wear
patterns of the two inserts A and B are shown below (Figure 4.8 to Figure 4.14), and the measured
and predicted insert flank wear land width are compared in the table (Table 4.3 to Table 4.8). Since
the differences in tool flank wear land width between inserts A and B are both less than 0.01 mm,
the values of the tool flank wear land widths presented in the tables represent the average

measurements taken from both inserts at each measurement point.
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Table 4.2 The initial cutting radii of the tool.

Measurement point

1 2

3

4

Tool radius (mm)

6.671 7.197

7.591

7.910 8.180

Insert A

Insert B

Figure 4.8 The wear images of insert A and B after milling one layer of the workpiece.

Table 4.3 The cutting radii and flank wear after milling one layer of the workpiece.

Measurement point 1 2 3 4 5
Tool radius (mm) 6.663 7.170 7.564 7.874 8.148
Radius wear (mm) 0.008 0.027 0.027 0.030 0.03
Measured V3 (mm) 0.012 0.051 0.055 0.0780 0.080
Predicted V3 (mm) 0.013 0.049 0.059 0.0745 0.083
Error 7.69% 4.08% 6.78% 4.70% 3.61%
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Insert B

Figure 4.9 The wear images of insert A and B after milling two layers of the workpiece.

Table 4. 4 The cutting radii and flank wear after milling two layers of the workpiece.

Measurement point 1 2 3 4 5
Tool radius (mm) 6.650 7.169 7.556 7.878 8.154
Radius wear (mm) 0.021 0.028 0.035 0.032 0.031
Measured V' (mm) 0.031 0.054 0.075 0.075 0.081
Predicted V3 (mm) 0.029 0.050 0.074 0.079 0.085
Error 6.90% 8.00% 1.35% 5.06% 7.06%
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Figure 4.10 The wear images of insert A and B after milling three layers of the workpiece.

Table 4.5 The cutting radii and flank wear after milling three layers of the workpiece.

Measurement point 1 2 3 4 5
Tool radius (mm) 6.650 7.164 7.527 7.868 8.148
Radius wear (mm) 0.021 0.033 0.064 0.042 0.032

Measured V' (mm) 0.032 0.061 0.120 0.095 0.092
Predicted V3 (mm) 0.029 0.0581 0.129 0.100 0.088

Error 10.34% 4.99% 6.98% 5.00% 4.55%
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Figure 4.11 The wear images of insert A and B after milling four layers of the workpiece.

Table 4.6 The cutting radii and flank wear after milling four layers of the workpiece.

Measurement point 1 2 3 4 5
Tool radius (mm) 6.642 7.144 7.467 7.834 8.139
Radius wear (mm) 0.029 0.053 0.124 0.076 0.041
Measured V3 (mm) 0.037 0.091 0.221 0.171 0.094
Predicted V3 (mm) 0.035 0.083 0.238 0.160 0.093

Error 5.71% 9.64% 7.14% 6.88% 1.08%
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Figure 4.12 The wear images of insert A and B after milling five layers of the workpiece.

Table 4.7 The cutting radii and flank wear after milling five layers of the workpiece.

Measurement point 1 2 3 4 5
Tool radius (mm) 6.628 7.123 7.446 7.802 8.132
Radius wear (mm) 0.043 0.074 0.145 0.108 0.048
Measured V3 (mm) 0.048 0.110 0.271 0.211 0.101
Predicted V3 (mm) 0.052 0.117 0.282 0.233 0.109

Error 7.69% 5.98% 3.90% 9.44% 0.9%
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Figure 4.13 The wear images of insert A and B after milling six layers of the workpiece.

Table 4.8 The cutting radii and flank wear after milling six layers of the workpiece.

Measurement point 1 2 3 4 5
Tool radius (mm) 6.621 7.093 7.360 7.766 8.124
Radius wear (mm) 0.050 0.104 0.231 0.144 0.056
Measured V' (mm) 0.070 0.186 chipping chipping 0.134
Predicted V3 (mm) 0.064 0.173 0.495 0.336 0.145
Error 9.38% 7.51% -- -- 7.59%
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Figure 4.14 The inserts wear out after milling six layers of the workpiece.

It can be seen from the experimental results that after the first layer of milling, the tool
inserts wear out with only small values, the maximum error between the predicted and measured
flank wear land width is 7.69%, the maximum flank wear land width occurs at the measurement
height 1 mm with a value of 0.080 mm. The tool is in the break-in wear period, and the tool flank
wear is uniform. After milling two layers of the workpiece, the maximum flank wear land width
still occurs at Imm measurement height with the value of 0.081 mm, and the maximum predicted
error is 8%, the tool flank wear is still uniform, and the cutting tool enters the steady-rate wear
stage. After milling three layers of the workpiece, localized flank wear appears at 0.6 mm
measurement location and the maximum flank wear land width increased to 0.12 mm, the
maximum tool wear prediction error is 10.34%. The fourth and fifth layer further wears the inserts’
flank face and the predicted flank wear land width errors are within 10 percent, it is ready to see
the tool entering the failure stage. Chipping occurs on both inserts at measurement heights 0.6 mm
and 0.8 mm after milling six layers of the workpiece, and the measured flank wear land width at

these two locations beyond 0.3 mm, the tool is defective. The prediction errors at measurement
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points without chipping are all less than 10 percent. The measured results verify the accuracy of

the flank wear land width Equation 3.20.

From the results above, it can also be noticed that the tool insert radius wear increases faster
at location P3 and chipping at this location is the most obvious. As a result, P3 is the critical tool
wear location and measurement height 0.6 mm is the optimum measurement height when

measuring this type of round insert milling tool for on-machine tool condition monitoring.

4.4  Application: the OMM tool wear threshold for roughing and finishing

In this section, a new approach has proposed to determine the threshold of round-insert face
mill radius reduction for tool failure in roughing and finishing. The CNC controller needs the
threshold to analyze the measured tool information and monitor the tool condition, providing
timely alerts for tool replacement. In industry, except for the tool condition itself, the surface
quality of the machined workpiece is also a necessary standard in finish machining. As a result,
the surface roughness of the machined workpiece is the key to indicate tool life. In roughing, tool
condition is the major concern, so the tool radius wear threshold can be determined by the flank

wear land width using the flank wear equation.

The OMM tool wear threshold for finishing is to determine a maximum allowable tool
radius wear by establishing the relationship between the tool cutting radius wear and the surface
roughness of the workpiece for milling progress through experiments. The procedures for

determining the OMM tool wear threshold are as follows:
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e  Collect the tool parameters, set the cutting parameters, and perform cutting operations

e During the machining, choose an appropriate interval for tool measurements and surface
roughness measurements.

e  Once the surface roughness of the workpiece increases beyond the desired value, record
current tool wear types, find the critical tool wear location, collect the tool radius wear,
and calculate the predicted tool flank wear land width.

e Compare the tool failure threshold regarding flank wear land width and machined
workpiece surface roughness and determine an optimum tool radius wear threshold for

roughing and finishing.

The OMM tool radius wear threshold is established based on each type of cutting tool and
machining progress. In this section, the milling progress mentioned in the previous section is
selected as a milling progress example to demonstrate the approach of determining the tool wear
threshold in roughing and finishing. The EMRS5R round insert mill is selected to remove a layer of
the material of the 2Cr13 workpiece by 1 mm, the desired surface roughness of the machined
workpiece in finishing surface roughness is set as 1.6 um, and the surface roughness is measured
by the TR280 surface roughness tester (see Figure 4.15). The surface roughness values are tested
after the cutting tool removes one layer of the workpiece, Ra value of each measurement is the
arithmetic mean of ten measure points on the workpiece surface, and the cutoff length and

evaluation length are 0.8 mm and 4 mm respectively.
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Figure 4.15 The surface roughness is measured after milling each 1mm layer of the

workpiece.

The tool radii at measurement height 0.6 mm are selected as the optimum measurement
height since the previous cutting results show that tool wears quicker at this location. The same
experiment is conducted twice to ensure the universality of the results. The measurement results

are shown in Table 4.9 and Table 4.10.

Table 4.9 The first tool and workpiece condition of each measurement.

Tool radius

Measurement no. Predicted Vg at P3 Workpiece Ra
wear at P3
1 0.020 0.036 1.052
2 0.031 0.056 1.256
3 0.059 0.109 1.493
4 0.131 0.252 1.587
5 0.140 0.271 1.637
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Table 4.10 The second tool and workpiece condition of each measurement.

Tool radius

Measurement no. Predicted Vg at P3 Workpiece Ra
wear at P3
1 0.026 0.047 0.822
2 0.033 0.060 1.363
3 0.067 0.124 1.507
4 0.128 0.246 1.540
5 0.151 0.295 1.755

From the results of the two milling operations, it can be found that the surface roughness
of the measured workpiece increases with the tool radius wear and flank wear. In the final cut, the
measured workpiece surface roughness increases beyond the requirement surface roughness of 1.6
um, thus the tool radius wear threshold in finishing should be the average of the tool radius wears
(DR) after four cuts in the two cutting operations, that is 0.130 mm. It can also be noticed that in
finishing, when the workpiece quality no longer meets the requirement, the flank wear land widths

are still less than 0.3 mm.

As for the tool radius wear threshold in roughing, the tool flank wear at measurement height
0.6 mm can be calculated by the flank wear equation. According to the ISO-8688 standard, the tool

flank wear should be no more than 0.3mm. In Equation 3.20, when /4 equals to 0.6 mm, and V3 is
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0.3 mm, the tool radius wear DR can be calculated as 0.153 mm. So, the tool radius wear threshold

for roughing is 0.153 mm at Ps.

Comparing the two tool radius wear thresholds based on the two standards, the threshold
for finishing is smaller than the one for roughing, to satisfy the requirement of the workpiece, DR

should be selected as 0.130 mm for the tool radius wear threshold in finishing.

After the OMM tool wear threshold is set, this approach is applied to a practical work. A
new round-insert face mill is adopted, and it cuts a workpiece like before. The measurements are

taken after milling every layer of the workpiece. The results are shown in Table 4.11.

Table 4.11 The verification of the OMM tool radius threshold.

Measurement Tool radius wear at Predicted Vg at Measured
Tool condition

no. P3 (mm) P3 (mm) Ra
1 0.021 0.038 0.945 Valid
2 0.040 0.073 1.126 Valid
3 0.079 0.148 1.256 Valid
4 0.112 0.213 1.479 Valid
5 0.132 0.255 1.687 Invalid
6 0.154 0.301 1.693 Invalid
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In the fifth measurement, the tool wears increase beyond the OMM tool radius wear
threshold, and the corresponding surface roughness of the workpiece is larger than the requirement
Ra, while the tool flank wear land width is 0.255 mm, less than 0.3 mm. By observing the condition
of the insert under the microscope, a build-up edge is found after the fifth cut, which further proves
that the tool has become ineffective in finishing at this point (see Figure 4.16). During the sixth
cut, the tool continues to cut the workpiece, the build-up edge detaches from the inserts and causes
chipping, and the tool fails (see Figure 4.17). Thus, the concept of establishing the OMM tool

radius threshold for roughing and finishing is feasible, and its reliability has been proved.

Figure 4.16 The build-up edge is found in the fifth measurement.
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Figure 4.17 The chipping is found in the sixth measurement.
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Chapter S Conclusion

This research proposed a novel and efficient method for tool condition using a laser tool

setter to construct the on-machine measurement and on-machine tool condition monitoring system.

The model of a round insert indexable milling tool is established to demonstrate the
geometry relationship between the tool flank wear land width and the tool cutting radius wear.
Experiments are conducted to verify the reliability of this tool wear theory. A new approach has
proposed to determine the tool radius threshold of round-insert face mill radius reduction for tool

failure in roughing and finishing, and the reliability of the threshold has been proved.

With the tool flank wear mechanism and the OMM tool radius threshold being built, the
CNC machine can automatically determine the tool wear condition during machining, and the
relationship between the tool radius wear and workpiece surface roughness is established. The
method of establishing the OMM tool radius wear threshold for roughing and finishing can be a

reference and guidance for tool condition monitoring in practical industry machining.
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