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A DIRECT ON-LINE ULTRASONIC SENSING METHOD TO
DETERMINE TOOL AND PROCESS CONDITIONS DURING
TURNING OPERATIONS

by
Taysir H. Nayfeh
O. K. Eyada, Chairman
Industrial and Systems Engineering

(ABSTRACT)

Machining operations in automated manufacturing centers are under-performing by
20-80%. Optimizing these machining operations requires on-line knowledge about the
cutting tool's condition and the process state. Currently, this information is either not
reliable or not available in a timely manner. This is due to the lack of suitable sensors,
which must measure on-line directly and accurately one or more of the relevant tool and
process information sources in the hostile machining environment.

A direct, active, ultrasonic method for on-line sensing of the tool condition and
process state in turning operations was developed. Sensing is acheived by using an
ultrasonic transducer operating at 10 MHz in a pulse-echo mode to send pulses through
the tool. The amplitude and propagation time of the reflected pulses are modulated by the
tool nose, flank, temperature, and by the material in contact with the tool. The reflected
pulses are received and processed by a high speed digital signal processing system.

This method has the potential to directly and accurately measure on-line several
relevant processes and cutting tool parameters through the use of a single sensor. These

parameters are tool-workpiece contact, tool wear, tool chipping, temperature and chatter.
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1. INTRODUCTION

1.1 Background and Importance

Machining operations, conventional or numerically controlled, present many
opportunities for productivity improvements including maximizing the metal removal
rates, reducing tool failures, and improving the quality of the finished product. In either
form of machining, the condition of the cutting tool and the dynamics of the overall
machining process are two dominant unknowns that must be determined in order to
optimize the operation. These parameters are essential inputs to either manual
optimization, in the case of conventional machining, or automatic adaptive control in the

case of Computer Numerical Control (CNC) machining.

1.1.1 Conventional Machining

In conventional machining, the responsibility for optimizing the operation rests
mostly with the operator. The operator uses his/her expertise and standard parameter
tables to select the initial cutting parameters such as feed, speed, and depth of cut and then
observes the performance of the cutting process. The color and the curl of chips, surface
finish, dimensional accuracy, vibration and chatter are indicators that give the operator
valuable information regarding the process's performance. Operational parameters such as
excessive speed, feed, and/or depth of cut or a poor performing cutting fluid could
influence any of the above indicators. The operator adjusts the cutting parameters
accordingly to eliminate or reduce the effects of poor cutting, to improve part quality, and
to optimize the metal removal rate.

In addition to indicating the cutting process performance, the above cutting

indicators give the operator valuable information regarding the cutting tool's condition.



This information combined with direct visual inspection or actual measurements of the
tool wear, gives the operator sufficient data to evaluate the overall tool condition and
signals if corrective action is needed for tool replacement. Essentially, a manual adaptive
control system is formed by the operator and his/her expertise. The operator's eyes and
ears provide some of the sensory information regarding process performance. The
operator uses this information and his/her expertise to choose the necessary corrective
actions, which are then implemented manually.

The level of quality delivered by conventional machining is directly dependent on
the machinist's skills and capabilities. Machining complex parts in small lots is a slow
process that requires the operator to be skilled in blue print reading, the use of precision
measuring instruments, planning the sequence of operations, and to have a good feel for
the cutting process. In addition, repeatability is highly dependent on the individual
machinist's skills. These factors, among several others, were the driving force behind the

development of CNC machines.

1.1.2 CNC Machining

CNC machines are computer controlled, which can perform a multitude of
operations on a workpiece, and in most cases, without the need for setup changes. CNC
machines are able to exchange tools automatically to suit the required sequence of
operations. They are also able to follow a programmed tool path along a single or
multiple axis and maintain the programmed speeds, feeds, and depth of cuts. Automatic
sensors monitor the current tool speed and position, the part's position, and the speed of
motion along the various axes. This information is continuously updated and fed into the
controller which issues the appropriate corrective actions, if needed, to maintain the

current parameters within the programmed limits.



CNC machines offer many advantages over conventional machining, some of

which are:

1.  Flexibility of part change over
Ability to perform complex operations

Ease of replications of any geometry

Sl A

Reduction of jigs and fixtures cost

5. Elimination of variations due to human skill levels

The benefits of CNC machining are clear and abundant; consequently, their use is
spreading rapidly throughout industry. Unfortunately, the inherent limitation of the
machines is the lack of an on-line cutting optimization function. The controller follows the
prescribed cutting parameters without regard to the current process performance. This is
due to the lack of sensory capabilities about the process performance, some of which was
provided by the eyes, ears, and the experience of the machinists.

Today's machining environment involves the wide use of CNC machines and
manned machining centers seemingly eliminated the need for the machinist or changed
his/her role from an adaptive machine controller to a standby function. In most cases, the
adaptive control function of the operator has not been replaced, and as such, part
programmers, detached from the actual cutting, are in control of the process. In these
cases, the cutting parameters are pre-determined and specified for the overall operation.
The feeds, speeds, and depths of cuts are conservatively selected in order to reduce
catastrophic tool failures and to explain the tool condition and work material variations.
This causes the operation to under perform by 20-80% depending on the material and part

complexity [1].



In order to optimize CNC and unmanned machining operations, the machining
parameters have to be adjusted on-line, i.e., adaptively controlled. Optimizing the
machining operations implies that the metal removal rate is to be maximized while
minimizing tool failures and maintaining the required dimensions and surface finish. This
task has to be accomplished within the hostile machining environment. The environment
consists of non-uniform work materials, changing process dynamics, and variable tool
conditions, such as wear and chipping. In order to achieve these objectives, the adaptive

controller has to continuously be able to:

1.  Sense the relevant features or indicators of the cutting process

2. Relate the indicators and or the features to the controllable variables, such as
speed, feed, depth of cut, etc.

3. Decide on the corrective actions based on the control strategy of the machine

4. Execute the corrective actions

As can be seen from the previous discussion, optimization of the machining
process through adaptive control requires the on-line knowledge of the relevant features

and indicators of the process, i.e., on-line tool and process condition monitoring.

1.2 Tool Condition Monitoring

The needs for on-line tool and process state monitoring are becoming critical with
the widespread use of CNC and the move toward unmanned machining centers. In these
settings, it has been shown that 6.8% of all the down time is attributed exclusively to tool
failures [1]. In our age of expensive tooling, such as, carbide, ceramics, and industrial
diamonds, the cost of the tooling itself becomes a major factor in the economics of

machining.



Tool condition monitoring has been and continues to be, of great importance to
industry and researchers. The needs in tool condition monitoring have long been
recognized, and as such, significant amounts of research of various sensing methodologies
have been conducted. Of the many methods researched and systems developed, few have
made it to the shop floor. This is mainly due to the complexity of the machining
operations and the lack of robust sensors.

Although there are many factors which affect the machining process, most
machining problems are either directly related to the cutting tool's condition, or manifest
themselves by a change in the tool's properties. For example, the tool's temperature, is an
indicator of too high of a cutting speed, feed, depth of cut, or a poor performing cutting
fluid. Although, built-up edge, vibration, and chatter, may not be directly caused by the
tool's condition, they are unmistakably caused by improper settings of the machine.
Therefore, the tool condition and the process state are generally referred to as tool
condition monitoring, in most cases.

Tool condition monitoring can be performed on-line or off-line by either direct or
indirect means. The on-line designation for a sensing method refers to the fact that it is
performed while metal is being removed without the need for interrupting the process.
Off-line methods can be performed on the machine or away from the machine. In either
case, these methods require either scheduling idle time for the measurements or actually
interrupting the process.

The direct methods refer to systems that can measure a property of a tool, such as
the actual tool flank wear and/or the depth of crater wear. The indirect methods measures
one or more of the indicators and/or parameters associated with the cutting operation,
such as tool forces, acoustic emission, vibration, etc. The tool condition is then inferred

from the values of the parameters. Due to the complexity of machining operations, there



are no exact mathematical models that relate the cutting parameters to the actual tool
condition. For example, tool forces, temperature, vibration, etc., may be changing due to
tool wear, harder material, improper feed, speed or depth of cut.

Direct on-line methods for tool and condition monitoring have been difficult to
develop and implement since the tool nose and flanks are obscured from vision during
cutting. Furthermore, the debris and cutting fluids makes it difficult to conduct
measurements while the tool is idle. Several methodologies and systems have been
explored for sensing the tool condition on-line directly [3]. Some of the methodologies
explored are radioactivity tracers, optical scanning, electrical resistance, probes to measure
the workpiece dimensions, and measurements of the distance to the tool post, etc.
However, none of these systems is practical for the shop floor.

In a recent development, an ultrasonic on-line direct sensing methodology was
developed by Reed [76] to measure the part diameter and surface finish in turning
operations. The method was shown to be accurate and robust. The major drawback to
the system is that the measurement lags the actual cutting by 1/16". As such, catastrophic
tool failures cannot be detected in time. In addition, the cost of the system is prohibitive
and on the order of $250,000.

Indirect methods are much easier to implement on-line, due to the required sensor
location and the type of parameters, which are usually measured. The sensors are
generally placed at or near the tool post away from the cutting action or on the machines
spindle. ~ Although the indirect measurements are generally reliable, the correlation
between the actual pertinent parameters and the measured indicators is questionable, since
there are no exact mathematical models representing the relations. Some of the popular
indicators measured are, cutting forces, vibration, power consumption, acoustic emissions,

etc.



Currently, there are no commercial direct on-line tool and process condition
monitoring in application on the shop floor. However, there are several varieties of

indirect measurement systems in operation [1,2,3] such as:

1. Tool presence sensing probes

2. Vibration and acceleration sensors
3. Load and power sensors

4.  Acoustic emissions

5. Force sensors

Most of these systems measure on-line a single property such as force, torque,
current, etc. Although catastrophic tool failures can be predicted reasonably well by some
of the methods, the level of reliability and accuracy of predicting gradual wear is certainly
well bellow industrial expectation. The state of on-line tool and process monitoring was
best summed up in January of 1993 by Owen [2] in an article in Manufacturing
Engineering as follows:

"Automated high-volume machine tools like multi-spindle screw

machines, mid size rotary transfer machines, and transfer and

trunnion machines are well-suited for tool monitoring. Yet tool
control systems are a tough sell. Everyone seems to have a story of

malfunction, frequent false alarms- or real alarms followed by crashes
seconds later, and the systems disconnected in disgust."

1.3  The Research Problem

Metal removal is a hostile, complex, and dynamic process in which many
interactions take place. Furthermore, the mechanics and/or interactions between the

parameters are not well known or defined. Because of these conditions, tool and process



condition monitoring whether direct or indirect, on-line or off-line, has been extremely
difficult. The hostile machining environment, obscured vision of the tool, limited space for
sensor placement, and high mechanical impacts make it nearly impossible to implement
most of the current monitoring methodologies. Despite the obstacles, the need for direct
on-line tool and process condition monitoring in today's operating environment is greater
than ever. As such, the choice of parameters to monitor has to be prudent, i.e., a minimal
set, which represents or predicts the true condition of the tool, workpiece, and machine.

In order to determine the minimum set of parameters, which must be monitored,
we must first define efficient machining. In turning operations, the objective is to
maximize the metal removal rate while maintaining the part's dimensions and surface finish
within the required specifications. This has to be accomplished while (1) minimizing
catastrophic tool failures, (2) maintaining the tool life within an acceptable range, (3)
minimizing vibration and chatter, and (4) maintaining the cutting forces or power
requirements within the machine's capabilities.

Based on the above, the areas and/or parameters of concern are:

1.  The workpiece dimensions and surface finish

2. Tool wear rate and condition

3. Vibration and chatter

4.  Tool forces or power consumption
5. Built-up edge (BUE)

6. Cutting temperature

Of the five areas presented, some are currently measured successfully on-line.
These are vibration and chatter, catastrophic tool failures, and tool forces and power

consumption. The other areas of observation, which are not commercially monitored on-



line are tool wear rate and condition, BUE (accumulation of cutting particles that's welded
on the tool due to intense heat and pressure), and the workpiece dimensions and surface
finish. The part dimensions and surface finish can be accurately predicted if the tool
condition is known, and in the absence or minimal presence of vibration, chatter, and
BUE. Under these conditions, the part dimensions can be maintained by compensating for
tool wear automatically. Therefore, under these circumstances there will be no need to
monitor the workpiece on-line.

The two remaining areas, BUE and tool condition, are critical to the performance
of the machining operation. Although BUE can be minimized, its presence is detrimental
to the surface finish and in some cases to the dimensional accuracy. Currently, BUE is not
predicted by independent or direct means, it is unreliably and/or untimely inferred from the
quality of the surface finish or from changes in the cutting forces.

There are two modes of tool failure, which are gradual and catastrophic.
Catastrophic failures are caused by chipping, breaking, and/or plastic deformation.
Catastrophic failures are, in general, due to improper machining conditions. High
vibration and/or chatter causes tool chipping or breakage. Plastic deformation is due to
very high cutting temperatures. Although gradual wear is inherent in normal machining,
the rate of wear can be effected by several factors, such as, the cutting speed, feed,
temperature, work material, etc.

Monitoring the cutting temperature is imperative since it plays a major role in the
formation of BUE and is one of the factors effecting the rate of gradual tool wear. In
addition, high temperatures can cause catastrophic plastic deformation of the tool's cutting
edges. Currently, there are no direct on-line tool temperature sensors. Instead, the

temperature is unreliably predicted from the cutting forces or empirically computed.



Therefore, in order to optimize the machining process, the minimal set of

parameters that is imperative to monitor is:

1.  Gradual wear

Tool chipping, and breakage
Cutting temperature

BUE

Cutting forces or power consumption.

AN T

Vibration and chatter

Currently, there are no reliable sensors for determining on-line gradual wear,
cutting temperature, tool probing, and BUE. Furthermore, due to the space and economic
restrictions, the number of sensors must be limited to a minimum. Therefore, the need still
exists for reliable integrated sensors capable of providing accurate, fast, and robust
measurements of more than one of the relevant machining parameters economically. In
addition, the format of the sensor's output has to be compatible with that of CNC

machines and other types of industrial controllers.

1.4  Research Objectives

The objective of this research is to explore the use of ultrasonic nondestructive
methods for on-line tool and process condition monitoring in turning operations.
Ultrasonic methods are used successfully in the medical and industrial applications for
gauging, imaging, and stress crack detection. This approach was chosen since the
ultrasonic waves can be induced in the tool from a safe distance and the waves are able to
penetrate the length of the tool to the obscured nose and the flanks of the tool. As such,

this sensing method can be implemented on-line. If successful, this sensing method has the

10



potential of capturing several relevant machining parameters through the use of a single
sensor. Some of the parameters are: gradual tool wear, tool-work contact, tool
temperature, chatter, and tool chipping.

The research procedure consists of two phases, the first is determining the
feastbility of the methodology in the form of static, which included a set of GO/NOGO
tests, and the second is the validation of the methodology on-line in actual machining
operations.

The first phase consisted of verifying a set of concerns and objectives, which were:

1. Inducing ultrasonic waves into a carbide cutting insert and isolating the wave
form echo returning from the nose and flanks

2. Verifying the sensitivity of the changes in the wave forms due to simulated
cutting conditions such as probing, gradual wear, tool chipping, etc.

3. Designing a robust thermal shielding and positioning mechanism to position
and protect the ultrasonic transducer

4. Developing a new style tool holder that's capable of accommodating the
transducer assembly and cutting tools

5. Determining and developing the required data acquisition and processing

electronics and computer software for on-line operation

The second phase of the research, which is the validation of the methodology,

consisted of the following steps:

1. Conducting on-line experiments to determine the system's capabilities in
acquiring the proposed parameters.
2. Evaluating each phase of experiments to determine the accuracy,

repeatability, and sensitivity of the methodology.
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3. Determining the feasibility, limitations and/or short comings of the system.

The results of the pilot study indicated that it is possible to measure several
relevant tool and process cutting parameters directly and on-line in turning operations.
The study further showed that these parameters can be measured efficiently by a single
active ultrasonic sensor. Most of the required acquisition hardware is available
commercially. However some engineering and wave mechanics issues remain to be

resolved in future work.

1.5 Document Organization

A short description of turning operations and the previous work on on-line tool
condition monitoring is presented in Chapter Two. Chapter Three is organized into two
sections. The first contains a brief description of the nature and the mechanics of
ultrasonic waves, and the second section contains a description of the proposed sensing
methodology and the experimental design. The tests and test procedures are discussed in
chapter 4 along with the results. The final conclusions, recommendations for future work,

and the application areas are discussed in chapter five.
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2. LITERATURE REVIEW

The output of a machining operation is highly dependent on a set of input
parameters that can act either collectively or independently. In addition, the performance
criteria of machining operations are in direct conflict with each other, for example, a faster
metal removal rate result in an increase in the tool wear rate. In order to optimize the
overall operation's performance, a thorough understanding of the causes and effects is
necessary.

A list of the major dependent and independent variables of a machining operation

was provided by Kalpakjian [77]. The dependent variables are:

1.  The surface finish of the work piece

2. Wear and tool failures

3. The rate and overall energy consumption

4. Temperature rise in the workpiece, chips, and tool

5. Type of chips produced
These variables are dependent on a set of input variables that are:

1. Tool material and its condition

Tool shape, surface finish, and sharpness

Workpiece material, condition, and temperature

Cutting conditions, such as speed, feed, and depth of cut

Cutting fluid, type and application

IS

The machine tool dynamics

A change in one or more of the input variables has a direct impact on the state of one or

more of the dependent variables.
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The objective of this work is to explore the feasibility of a direct on-line active
ultrasonic sensing method for turning operations. To achieve this goal, the current
methodologies are reviewed and critiqued. In order to provide a meaningful critique of
the current sensors, it is necessary to discuss them within their application environment. A
limited review of the mechanics of turning operations, the tools involved, and the problem

areas are presented. A literature review is then presented of on-line sensing methods.

2.1 Turning Operations

Turning parts on a lathe is accomplished by the use of a single point tool, in
oblique or orthogonal configuration to the workpiece. Orthogonal cutting refers to the
overall cutting edge of the tool being perpendicular to the direction of the relative work-
tool motion. Consequently, oblique cutting is the general case in which the tool is not
perpendicular, (Figure 2.1). The general case of oblique cutting is a three-dimensional
cutting problem, while in orthogonal cutting the problem reduces to a two-dimensional
case.

The mechanics of machining operations through chip removal are mostly the same.
In all cases, the cutting action is accomplished by the cutting tool's motion across the
surface of the work material at some speed, feed, and a depth of cut. The tool motion
forces the material ahead of the tool into compression, and small amounts of material
(chips) are continuously sheared along what is called a shear plain. The chips can be
continuous, discontinuous, irregular, and some with built-up edge. The type of
operations, machine selection, and cutting tools used depends on the original geometry
and mechanical properties of the work material, along with the final requirements for the

workpiece, such as shape, tolerance, surface finish, complexity, and the cost.
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2.1.1 Single Point Tools

The traditional cutting tool on a lathe, shaper, and boring mills, is called a single
point tool. This type of tool consists of two parts, a cutting part and a shank. The shank
of the tool is the part that is clamped in the tool holder to provide a rigid support. Figure
2.2 illustrates the geometry of a single point tool, along with the major surfaces
surrounding it.

The cutting part consists of a major and a minor flank. The corner of the cutting
tool is formed by the face and the intersection of the major and minor flanks. The flanks
are the surfaces over which the newly machined part surface passes. The face is the
surface over which the chips flow. The tops of the major and minor flanks are called the
major and minor cutting edges respectively, with most of cutting being performed by the
major cutting edge. The corner, which is the intersection of the major and the minor
cutting edges, is a small portion of the overall cutting edge, it may be curved, round or the
actual intersection of two lines.

There are five principle angles associated with cutting edge of the tool as
illustrated in Figure 2.3. These angles play a major role in the performance of the cutting
process. The angles are, clearance or relief g, rake vy, inclination Aq, principle cutting
edge angle ( PCEA) ¢p, and the auxiliary cutting edge angle (ACEA) ¢e.

The forces associated with the cutting process can be broken into three

components as illustrated in Figure 2.4. The forces are:

1. Feed force (Px), in the direction of the tool travel along the work X axis
2. Thrust force (Py), in a direction that's normal to the machined surface

3. Main cutting force (Pz), acting in the direction of the cutting velocity vector
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Figure 2.4. Forces Orientation in Turning Operations [79]

17



2.1.2 Heat Generation During Cutting

Most of the energy involved in the cutting process is converted into heat. This
conversion occurs in two primary regions of the plastic deformation, the primary and the
secondary shear zones. Another source of heat generation, due to the cutting action, is
caused by the friction between the tool and the work. This becomes a factor only in
cutting with worn tools, and is mostly neglected. The rise in the cutting tool temperature

is mainly due to three sources, which are:

1. Some of the heat generated in the primary and secondary shear plastic
deformation zones is conducted to the tool

2. Heat is conducted to the face of the tool by the chips flowing over it

3. Friction between the chips and the face of the tool, and the friction between

the tool-work interface

Counter to the intuitive notion that the nose is the hottest part of the tool, the
temperature behind the nose, on the face of the tool and directly below the chip flow, can
reach 100-2000 C above that of the nose as can be seen in Figure 2.5. The cutting
temperature in some circumstances can reach upwards to 10000 C especially during high
speed machining.

Built-up edge is formed by layers of material from the workpiece that are gradually
deposited through heat and high pressure on the tool. This layer grows in size until it
becomes unstable and eventually breaks off to be carried away by the chips and the
workpiece. In addition to the damage already caused by the deposits of the broken built-
up pieces, the non uniform layer of the built-up edge on the tool is what actually performs

the cutting, thus, damaging the dimensional accuracy and the surface finish of the
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Figure 2.5. Temperature Profile During Cutting [79]
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workpiece. Built-up edge commonly occurs at low cutting speeds, and by increasing the

cutting speed the built-up edge is reduced or may be eliminated completely.

2.2  Tool Life and Failure Modes

2.2.1 Modes of Tool Failures

A very important consideration in metal cutting is the life of the cutting tools. The
cost and time involved in changing or regrinding tools are a major economic consideration
in machining operations. The cutting speed, feed, the tool's angles and the cutting fluids,
are generally the most influential factors in determining the tool life. Also, the cutting
speed and the feed along with the depth of cut are the determining factors of the metal
removal rate, i.e., the time to machine a part, therefore, generally a compromise is used
which maximizes the life of the tool while minimizing the overall machining time, along
with using the appropriate tool angles and cutting fluids.

There are three main modes of tool failure, (1) plastic deformation, (2) abrupt
failures in the form of breaking, chipping, and pitting, and (3) gradual wear of certain parts
of the face and the flanks.

Plastic deformation. During cutting the stresses and temperatures generated
are very high. This could cause the tool to lose its hardness and become deformed,
thereby losing its ability to cut.

Abrupt failures. In this mode of failure, the varying mechanical loading of the
tool, resulting from vibration, chatter, and or intermittent cutting weakens the tool, thus
generating small stress cracks, which could generate small chips or pits on the tool's
nose that results in a degraded surface finish. In some cases, catastrophic failures can be

caused by the action of very large stresses breaking a chunk of the tool, or a piece of an
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unstable built-up edge breaking away and ripping with it part of the tool nose. In either

case, catastrophic failures cause great deal of damage to the workpiece and possibly the

machine.

Gradual wear. This form of wear is inherent in metal cutting and is attributable

to mechanisms. The first is adhesion wear, the second is abrasion, and the third is solid

state diffusion. This form of wear is unavoidable and is a part of the cutting process.

Choosing the correct input cutting parameters can slow down the wearing process.

The following is a short description of the three forms of gradual wear:

1.

Adhesion wear. Junctions between the tool and the work are welded
together through the friction mechanism. When these junctions fracture as
part of the cutting process, small segments of the tool are carried away along

the underside of the chips or by the newly machined surface.

Abrasion wear. Hard particles on the underside of the chips, mechanically
remove particles from the tool face much like the action of sand paper. The
hard particles can be either, highly strain-hardened segments of an unstable
built-up edge, fragments of the hard tool material, or hard inclusions in the

workpiece.

Solid-state diffusion. The movement of atoms in a metallic crystal lattice
from regions of high to low atomic concentration is called solid-state
diffusion. The effect is greatly enhanced by temperature and intimate contact
between the tool and work. This occurs in a very narrow reaction zone at the

interface of the two materials, thus weakens the surface structure of the tool.
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